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ABSTRACT  
   
Rapid urbanization in Phoenix, Arizona has increased the nighttime temperature by 5°C 
(9 °F), and the average daily temperatures by 3.1°C (5.6 °F) (Baker et al 2002). On the macro 
scale, the energy balance of urban surface paving materials is the main contributor to the 
phenomenon of the Urban Heat Island effect (UHI). On the micro scale, it results in a negative 
effect on the pedestrian thermal comfort environment. In their efforts to revitalize Downtown 
Phoenix, pedestrian thermal comfort improvements became one of the main aims for City 
planners. There has been an effort in reformulating City zoning standards and building codes with 
the goal of developing a pedestrian friendly civic environment. 
Much of the literature dealing with mitigating UHI effects recommends extensive tree 
planting as the chief strategy for reducing the UHI and improving outdoor human thermal comfort. 
On the pedestrian scale, vegetation plays a significant role in modifying the microclimate by 
providing shade and aiding the human thermal comfort via evapotranspiration. However, while 
the extensive tree canopy is beneficial in providing daytime shade for pedestrians, it may reduce 
the pavement surfaces’ sky-view factor during the night, thereby reducing the rate of nighttime 
radiation to the sky and trapping the heat gained within the urban materials. This study strives to 
extend the understanding, and optimize the recommendations for the use of landscape in the 
urban context of Phoenix, Arizona for effectiveness in both improving the human thermal comfort 
and in mitigating the urban heat island effect.  
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CHAPTER 1 
INTRODUCTION 
In recent decades, the growth of the Phoenix metropolitan area has been unprecedented.  
The Phoenix metro area is composed of a number of Cities and Towns which are connected 
through a network of roads and highways. Combined with an already inhospitable hot summer 
climate, buildings and paved surfaces in urbanized areas now absorb and reradiate much more 
heat than the original natural desert landscapes they replaced.  On the macro-scale, the 
environmental consequence is the negative impact in the form of the urban heat island (UHI). 
Taha et al. (1992) demonstrated that as a result, pavements and building roofs become 50-70°F 
(27-38.9 °C) hotter than the ambient temperature. This in turn affects and raises the ambient 
temperature through sensible, latent and radiative heat flow exchanges (Asaeda 1996). This also 
significantly worsens the human thermal comfort, and in turn, has a negative effect on the urban 
pedestrian environment. The difference between the urban and rural ambient temperatures is 
usually largest during the night and smallest between sunrise and early afternoon.  
As expected, the highest temperatures can be found in areas with the least vegetation 
and largest concentration of dark paved surfaces. The consequence is that, during the day, much 
of the solar radiation is stored as energy in the urban area, and then radiated out overnight. 
Additionally, more heat is added to the urban environment via anthropogenic sources like air 
conditioning, cars, and other machinery (Golden 2004). 
In Phoenix, the problem of the (UHI) is exacerbating the already hostile outdoor 
conditions causing people to spend most of their time indoors from late spring to early fall. 
Potentially, this can negatively affect the people’s well-being, community, economy, environment, 
quality of life and levels of energy consumption. The deterioration of the outdoor environmental 
conditions may also cause the worsening of indoor conditions.  
Outdoor thermal comfort is not given enough significance in the urban planning and 
design processes. Municipal development standards are not adapted to local climatic conditions 
and are especially poorly suited to the hot arid climate of the Southwest. The consequence of the 
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current practices causes the deterioration of outdoor comfort and increases the negative effects 
of the urban heat island.  
On the micro-scale level, Phoenix is dealing with the lack of pedestrian activities in its 
downtown core. Currently, the downtown is largely a vehicular environment, and the pedestrian 
activity is almost non-existent on the exposed concrete sidewalks. This is coupled by the lack of a 
conscious effort of providing outdoor spaces that provide thermal comfort for human activities. 
Design decisions such as street and sidewalk widths, shading structures, landscaping standards, 
materials, building heights, and air flow have a significant impact on the pedestrian thermal 
comfort and subsequently on the use of the urban environment.  
The problem is worse in residential neighborhoods just outside of the urban core. These 
are mainly low-income, minority occupied sites which as previous studies showed, experience 
higher health risks related to the hot climate in Phoenix. As opposed to more affluent residential 
neighborhoods, the people living in these neighborhoods are more vulnerable to the extreme heat 
frequently experienced in the Phoenix summer season (Harlan et al. 2008). 
The situation we find ourselves in today is the result of the decisions we took in the past, 
and conversely, decisions we take today will shape the environment for future generations. This 
is a challenge that the municipalities have to address through an ongoing process to improve the 
urban environment through tools such as planning, zoning and code regulation. 
The City of Phoenix has been concerned with these issues and started processes to 
adapt their planning and zoning standards to mitigate the UHI and improve the outdoor Human 
Thermal Comfort. The 2008 Downtown Phoenix Urban Form Project was an effort that proposed 
recommendations optimizing urban building form and configuration. It also addressed ground and 
façade materials and both architectural and vegetative shading on the streets and other public 
spaces (Downtown Phoenix 2008). This was followed up in 2010, when a City Task Force 
proposed “SHADE Phoenix” with the goal of a 25% tree shade canopy cover for Phoenix by 2030 
(Tree and Shade 2010). 
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Much of the literature dealing with mitigating UHI effects recommends extensive tree 
planting as the chief strategy for reducing the UHI and improving outdoor human thermal comfort. 
On the pedestrian scale, vegetation plays a significant role in modifying the microclimate by 
providing shade and aiding the human thermal comfort via evapotranspiration. However, while 
the extensive tree canopy is beneficial in providing daytime shade for pedestrians, it may reduce 
the pavement surfaces’ sky-view factor during the night, thereby reducing the rate of nighttime 
radiation to the sky and trapping the heat gained within the urban materials. While general 
recommendations for increasing the urban vegetation are frequent, evaluating on how best 
implement the type, shape and distribution of the vegetation in urban areas to reduce daytime 
temperatures, mitigate the UHI and improve human thermal comfort  has been lacking. While 
there is a general understanding of how vegetation helps in human thermal comfort, the 
recommendations need to be specific enough to be effectively used by planners, architects and 
engineers. 
1.1 Objectives, Problem Statement and Research Questions: 
Increasing the urban vegetation has been cited in numerous publications as one of the 
most effective strategies to accomplish UHI mitigation (McPherson et al. 1994, Akbari et al. 1995, 
Taha et al. 1997). According to Akbari et al. 2001, urban tree planting, combined with increasing 
the surface albedo citywide, has the potential of modifying the entire City’s energy balance.  The 
urban tree canopy, depending on its size, height, and density, plays a role in shading the surfaces 
and decreasing their surface temperature and heat gain. Researchers at the Lawrence Berkeley 
National Laboratory have published extensively on the benefit of trees and vegetation as related 
to outdoor comfort, energy savings, and impact on the Urban Heat Island (Taha et al. 1996, 
Rosenfeld et. al. 1998). In one of the analysis papers on strategies for mitigating the urban heat 
island in Los Angeles, their data shows that the L.A. UHI can be reduced by as much as 5.4°F 
(3°C) through the use of high albedo roofs, pavements and urban forestation. To achieve this 
however, the urban forestation has to consist of planting an additional 11 million trees in Los 
Angeles (Rosenfeld et. al. 1998). 
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In an urban context, the effect of the vegetation is dependent on the amount of the 
planted area as related to the urban built-up area. It is also dependent on the size and location of 
the trees, specifically on the tree’s LAI (leaf area index) and LAD (leaf area density), which are 
indicators of the tree’s shading potential.  Studies on large vegetated park areas in suburban 
neighborhoods show that the cooling effect can spread even to the surrounding residential areas. 
In their study, Shashua-Bar and Hoffman (2000) considered the tempering effects of shade trees 
at small urban vegetated sites. They concluded whatever the cooling effect resulted (in their case 
1.8-5.4 F (1-3C )), was mainly (80%) attributable to the shading effect of the tree as opposed to 
the trees’ evapotranspiration effect. In hot arid climates, the most effective use of the vegetation 
is its shading property which reduces the direct solar radiation incident on the high heat capacity 
materials of the street. The vapor pressure measured within the vegetated areas was 
insignificantly higher relative to an adjacent non-vegetated area. This was explained by the lack 
of irrigation resulting in a low evapotranspiration rate (Shashua-Bar and Hoffman, 2000). 
The trees’ evapotranspiration, or the latent process involving evaporation of water at the stomata 
of the tree leaves, as well as water trapped in the soil, is sometimes cited as a microclimate 
modification strategy (McPherson and Simpson 1995). However, in an urban setting, and in terms 
of UHI mitigation, the scale of the cooling caused by evapotranspiration is insignificant due to the 
rapid dissipation of any “cooler air” through air turbulence in a hot summer street. 
Evapotranspiration is effective only in situations where significant irrigation occurs such as in 
agricultural fields or watered grass lawns. Therefore, in residential/sub-urban areas with large 
areas of irrigated vegetation such as parks, the cooling effect of trees due to evapotranspiration 
can be up to 10°F (5.6 °C) (McPherson and Simpson 1995).  Water is a scarce resource in the 
desert, and any landscaping and urban forestry benefits have to be weighed against the requisite 
increase in water usage. In their recent research, Gober et al., concluded that increasing irrigated 
landscape urban areas does affect the nighttime temperatures. However, only up to a certain 
threshold, above which the temperatures did not decrease (Gober et al, 2010). Professor Chris 
Martin of ASU’s Department of Applied Biological Sciences has put forth recommendations 
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specific for factors influencing tree growth and health in the Phoenix urban core (Martin 2006). 
The main aspect that influences the growth and health of urban trees is the condition and scope 
of the tree’s root zone. Tree roots need adequate air, water and space below ground (6” to 30” in 
depth) for health and strong growth. The root system of a healthy tree is 1 to 3 times larger in 
diameter than the tree canopy. If this space and access to air and water is not available (as is the 
case with most of the trees currently in the Phoenix urban core) tree roots will not grow and this 
results in shorter tree life spans, smaller tree crowns and consequently in less shading potential 
(Martin 2003, 2006).  
The main cause of the UHI problem remains the urban horizontal surface pavement 
materials. These horizontal surfaces cool down at night as a factor of their sky view. Therefore, 
one of the questions is whether it would be more effective to implement a thick tree canopy cover 
that reduces the rate by which these surfaces gain heat during the day, or would it be more 
effective to maximize the nighttime radiation by increasing the sky view factor? If the goal is to 
reduce the temperature and heat storage capacity of the urban surfaces, then should the 
mitigation strategy focus more on the surface materials’ properties rather than the vegetative 
cover? 
As mentioned previously, much of the existing literature on the subject cites intensive tree 
planting as the main UHI mitigation strategy. However, this approach does not clearly 
demonstrate whether the tests/simulations took into account numerous factors needed to quantify 
the UHI reduction benefits such as reduced sky view factor, the tree species, tree configuration, 
combination of trees and vegetative ground cover, water usage/irrigation to aid 
evapotranspiration, differences in effect between applications at the urban core and applications 
in urban residential areas. If the goal is to lower the nighttime surface temperatures and reduce 
the negative effects on the pedestrian environment, then further study is needed on optimizing 
and quantifying the effects of application of vegetative cover and urban forestry in terms of size, 
density, configuration, location, irrigation and maintenance of the proposed green canopy.   
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Characteristics of Urban Microclimate in Hot Arid Regions 
Phoenix is located in the northern portion of the Sonoran Desert (at 33°27' North, 112°4' 
West, elevation 1,117 feet (340 m)), and has a hot arid climate characterized by temperate 
winters but extreme summer temperatures. The average data collected by the Western Regional 
Climate Center show that in the period of record between 1996 and 2008, November through 
March temperatures ranged from average lows of 44.4°F (6.9 °C) to average highs of 65.7 °F 
(18.7 °C), while May through September temperatures ranged from average lows of 69°F (20.6 
°C) to average highs of 106°F (41.1 °C). Typically, daily maximum temperatures get to ≥100 °F 
(37.8 °C) in early June, and stay at that level until late-September. The humidity is typically low 
throughout the year (average Dew Point Temperature between 30 °F (-1.1 °C) and 38 °F (3.3 °C), 
except for the monsoon season in July and August when the Dew Point temperature is between 
55 °F (12.8 °C) and 59 °F (15 °C) (Climatological Summary 2014). This “dryer” climate for the 
majority of the year allows for better levels of comfort at higher temperatures, except for the July-
August period when the higher humidity levels combined with higher temperatures make it 
uncomfortable, and reduces the efficiency of swamp cooling which many (especially lower 
income residents) depend on. In highly built urban areas, the high summer temperatures are 
further amplified by the long wave heat emitted from the various street and façade surfaces. 
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Table 2.1: Climatological Summary – Phoenix Arizona, period between July 1996 to December 
2008. Source: Copyright ©2009 Western Regional Climate Center - Desert Research Institute - 
Reno, Nevada 
 
 
 
2.2 The Phoenix Urban Heat Island (UHI) 
The city of Phoenix has been growing rapidly in the last few decades. It is now larger 
than Los Angeles, California in land area. The metro area is composed of a number of Cities and 
Towns which are connected through a network of highways. Buildings and paved surfaces in 
urbanized areas now absorb and reradiate much more heat than the original natural desert 
landscapes they replaced.  Taha et al. (1992) demonstrates that as a result, pavements and 
building roofs become 50-70°F (27-38.9 °C) hotter than the ambient temperature. This in turn 
affects and raises the ambient temperature through sensible, latent and radiative heat flow 
exchanges (Asaeda 1996).  The temperature of the urban areas can be in the range of 2-8 °F 
(1.1- 4.4 °C) higher than the surrounding natural landscape (Oke 1987).  
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In typical natural desert settings, the ground heats up during the day but it releases the 
heat during the night. Desert climates worldwide are known to have significantly large diurnal 
temperature range resulting in cold nights even in the summer, as the stored heat in the desert 
soil is all radiated back to the clear desert sky (Olgyay 1963). However, once the natural desert is 
built up with high heat storage absorbing materials such as asphalt and concrete, this natural 
balance is upset. Today, in the desert of Phoenix, Arizona satellite thermal imagery show 
road/highways and parking lot pavement surfaces having the highest night time surface 
temperatures (Golden 2004).  
 
Figure 2.1:  Infrared image of Phoenix Metropolitan area at night on July 11, 2005, showing the 
hottest areas are where pavement is concentrated (streets/highways, airport, etc.).  Source: ASU 
Center for Environmental Science Applications (CESA), retrieved on February 11, 2014 at: 
http://cesa.asu.edu/urban-systems/100-cities-project/history 
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Less radiant sun energy is reflected from the built-up less vegetated urban environment, 
and since moisture/evaporation is reduced as a result of paved surfaces, less energy is 
dissipated via evaporation. The predominance of higher thermal storage materials such as 
concrete and asphalt makes the urban environment absorb and retain much more energy than 
surrounding rural and natural land. This energy is then released into the urban canopy space 
after sunset. Additional heat is added through anthropogenic sources such as air conditioning and 
automobiles. This is what causes the temperature to remain higher than usual during the 
evenings and into the night. Furthermore, the net radiation has been altered as a consequence of 
the urban geometry, which has in turn slowed wind speed and air movement around buildings, 
and changed convection heat exchange (Voogt & Oke, 1997). In this study, the UHI effect to be 
addressed is related to the canopy-layer heat island, which is made up of the space between the 
urban surface elements and the upper boundary below the top of the urban built mass. Above this 
canopy layer is the boundary layer, which relates more to macro-scale UHI issues. The canopy 
layer however, is where the micro-scale urban environment has the most effect and energy 
exchange (Golden 2004).  
Akbari et al. (1992) states approximately 39% of the urban area is made up of paved 
surfaces including parking lots and sidewalks. Since these surfaces make up the vast majority of 
the urban fabric, and are the main culprit in causing the Urban Heat Island effect (UHI), it is 
essential to understand the mechanism by which they influence the near surface air temperature, 
and their role in the increasing of the temperatures in the urban areas. 
 
2.2.1 Urban Surface Energy Balance 
As the sun strikes surfaces on earth and heats them up, these surfaces start interacting 
with the air layer above them and exchange heat and energy. The extent of this exchange is 
dependent on the physical properties of the surface being irradiated. These properties include 
thickness, color and roughness, thermal conductivity, specific heat capacity, density, moisture 
content, and emissivity. As the surface is irradiated and heats up, it stores the heat, and when the 
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surface of the material becomes hotter than the ambient temperature it starts interacting with and 
raising the adjacent ambient temperature through sensible, latent and radiative heat flow 
exchanges (Olgyay 1963, Asaeda 1996).   
 
Figure 2.2: Air – surface heat exchange. (Source: Olgyay 1963) 
 
Per Aseada et al. (1996) most of the infrared radiation emitted from ground surfaces is 
absorbed within 200m (±620 feet) of the lower atmosphere, having a significant effect on the air 
temperature near the ground. Typically, in the lower atmosphere, infrared radiation emitted by the 
ground surface is almost equal to the downward radiation from the atmosphere when there is only 
a relatively small difference between the air and ground surface temperatures. However, once the 
ground surface temperature is raised significantly above the air temperature, the infrared 
radiation from the ground surface increases significantly and is absorbed by the air above the 
surface. At noon for example, when the difference between air and ground surface temperature is 
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large, the rate of infrared absorption by the lower atmosphere over asphalt pavement was greater 
by 60 Wm-2 than that over the soil surface or concrete pavement (Asaeda and Ca, 1996). 
 
2.2.2 Nocturnal Cooling of Urban Surfaces 
After sunset, the heat absorbed by the urban surface materials is discharged through the 
exchange with the open sky (Nunez and Oke 1977, Oke 1981, Nakamura and Oke 1988). The 
discharge of the stored heat in these materials during the night is therefore, directly related to the 
sky view factor of any given urban space be it a street, sidewalk, plaza, etc. However, the 
atmosphere absorbs almost 90% of the longwave radiation emitted by the surface elements,  
particularly by water vapor, clouds, and carbon dioxide.  Most of this energy is then re-radiated back 
to the surface. Therefore, the amount of radiated energy at night is affected by relative humidity of 
the air, cloud cover, presence of aerosols, and wind. In desert areas like Phoenix, with typically 
low cloud cover the nighttime radiation can account for large drops in surface temperatures 
(Eriksson et al. 1982).  
 
Figure 2.3: Nocturnal Radiation diagram. (Source: based on Eriksson et al. 1982)  
Back radiation from clouds and 
greenhouse gases 
Part emitted by atmosphere 
Radiation emitted by surface 
elements 
The majority of terrestrial radiation 
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• Relative humidity 
• Cloud cover  
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The surface temperature of “open” horizontal surfaces is at 0.9 – 1.8 °F (0.5 - 1 °C) lower 
than the façade/vertical surfaces temperatures at night, because of the larger sky view of the 
horizontal surface (Santamouris et al. 1999).  Aseada et al. (1996) emphasized the significance of 
horizontal pavement materials in contributing to heat fluxes and the interface between the ground 
and surrounding air on summer days. Asaeda et al. measured asphalt pavement emitting an 
additional 150 Wm-2 infrared radiation and 200 Wm-2 of sensible heat as measured against a 
bare soil surface. The water content in bare soil, and thus the evaporation from it, produces much 
lower surface temperatures. By contrast, waterproof surfaces such as asphalt, increase the 
temperature and heat stored in the surfaces (Asaeda and Ca 1993). While some studies show 
that there is a reduction of stored energy in light colored materials with higher albedos (Doll et al. 
1985, Akbari et al. 1995, Taha 1997, Taha et al. 1997), specific studies in Phoenix indicate that 
this benefit is limited, and the albedo in itself is not the critical factor in characterizing the surface 
temperatures. Rather, it is the thickness and the material’s heat storage capacity that has a 
greater role. (Golden et al. 2006) 
 
2.2.3 Rural Setting 
The rural setting around Phoenix is characterized by either native desert land or 
agricultural fields surrounding the urban area. Agriculture uses extensive irrigation, and therefore 
the soil would have much higher moisture content than the native landscape. The irrigated 
agricultural land in the past had a cooling effect on the air temperature because of the latent heat 
exchange with the air above it. However, since the agricultural land has been gradually replaced 
by urban growth, the general ambient air temperatures have been steadily climbing. Los Angeles 
has had a similar experience. Before 1960, most cities in California were cooler than today 
because of the extent of agricultural uses. However, starting in the 60's, the ambient temperature 
started to climb again as agricultural land was replaced with buildings and pavements. Records 
show that Los Angeles’ average temperature decreased 3.5 °F (2°C) between 1880 and 1930. 
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That cooling has been reversed, and today, as the warming trend continues, the temperature 
average is in a continuing warming trend of 1.8 °F (1°C) every 15 years (Rosenfeld et al. 1996). 
Bare soil has poor reflectivity and therefore a large portion of the incoming solar radiation 
is absorbed. Due to latent heat exchange in the soil surface, its surface temperature stays 
relatively cooler and its long-wave radiation is smaller when compared with urban pavement 
surfaces. Because of the soil surface characteristics, its surface heats up slower than concrete 
and even slower than asphalt during the day (Doll et al. 1985, Asaeda and Ca, 1993). Even 
though the temperature of the soil surface is lower than that of concrete, the overall sensible heat 
flux is much larger. The heat stored below the soil surface during the day is comparable to the 
amount stored by concrete. However, at night the soil surface cools down to the ambient air 
temperature much faster due to the soil’s poor conductivity. This occurs soon after the solar 
radiation ceases after sunset. Due to the soil’s low conductivity, the deep soil layers do not 
absorb much energy. This cooling effect is also aided by latent heat exchange through 
evaporation of moisture, not just at the soil’s surface, but inside the soil as well. Once the top 
layer moisture is evaporated, there is an upward transfer from deeper soil layers to the surface, 
and subsequent evaporation. So the soil releases its heat to the atmosphere via sensible, latent 
and radiative heat exchange mechanisms (Asaeda and Ca, 1993). The result is that at night, the 
soil surface temperature is lower than the temperature of the air above it. Thus, it does not 
contribute to the heating of the night air. This is unlike the asphaltic and concrete surfaces whose 
surface temperature stays higher than the surrounding air during the night, and into the early 
morning. These types of surfaces are continuously heating the air above them through sensible 
heat exchange and radiation, because of their large heat storage capacity and lack of latent heat 
exchange (Asaeda and Ca, 1996, Doll et al. 1985, Chalfoun 1991). 
From this we can conclude that the main difference between these surfaces is that the 
presence of moisture in the bare soil, combined with its poor conductivity allows the surface to 
cool faster and not contribute to heating the air above it during the night. As opposed to thick 
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impermeable urban pavement surfaces which behave in the opposite fashion (Doll et al. 1985, 
Akbari et al. 1995, Taha 1997, Taha et al. 1992). 
 
2.2.4 Effect on UHI in the Urban Context of Phoenix, Arizona 
In various studies impervious concrete and asphalt surfaces can reach surface 
temperatures of 120–150 °F (48.9 – 65.6 °C) in the summer (Pomerantz et al. 2000). As these 
surfaces store heat during the day, and reach capacity down to the subsurface, at night, this 
energy is released as convective and radiative heat. That is when the energy balance of the 
materials becomes a deficit by the discharge of the energy stored in the urban space materials ( 
Nunez and Oke 1977, Oke 1981, Nakamura and Oke 1988). This is an effect of the night time 
radiation; cooling of these surfaces by radiating stored heat through the exchange with the sky. 
The night time radiation process, is therefore, directly related to the sky view factor of the 
particular surface, and the proportions/geometry of the street or urban space. Asaeda et al. 
(1996), indicated the asphalt pavement in cities is the main contributor to the phenomenon of the 
urban heat island. In his concluding remarks, Aseada noted that the higher heat storage capacity 
of a material, the more it contributes to the nocturnal heating of the lower layer of the atmosphere 
via infrared/long wave radiation, in addition to turbulent transport of sensible and latent heat. 
Asaeda’s measurements showed asphalt pavement emitting an additional 150 Wm-2 infrared 
radiation and 200 Wm-2 sensible heat as opposed to a bare soil surface (Asaeda et al. 1996).  
The main factor in this difference is the permeability and characteristics of soil, allowing 
evaporation of the moisture present in it resulting in much lower surface temperatures and lower 
energy/heat storage, as opposed to the impermeable thick surfaces of asphalt and concrete 
urban pavements which increase the surface temperature and heat stored under the surfaces 
(Asaeda et al. 1993). The color and roughness of the urban materials also have an impact on 
how much energy they absorb, and therefore re-radiate. Surfaces that have a high albedo, 
typically light colors and smooth surfaces reduce the heat storage in the materials (Doll et al. 
1985, Akbari et al. 1995, Taha et al. 1997). However increasing the albedo alone of these 
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surfaces was not found to be the most significant factor in controlling the surface temperature 
aspects, rather, the heat storage capacity and section thickness were determined as more 
important factors in the heating and cooling of surface pavements (Golden 2006, Emmanuel and 
Fernando 2007). Asaeda and Ca’s research in (1993) also indicated that allowing latent heat 
exchange plays a major role on cooling pavement materials. The asphalt and concrete used in 
urban environments is typically too dense to allow water permeability and therefore drastically 
limits the latent heat exchange.  
Current research at the ASU SMART Materials Laboratory indicates a great potential for 
pervious pavements. As opposed to typical asphalt and concrete pavements, pervious pavement 
is permeable to water and air and therefore allows for a latent heat exchange. These pavements 
can be made out of asphalt or concrete, but contain less fines. This works in a multitude of 
dimensions, for instance, it decreases the street storm water runoff by absorbing the storm water 
and recharging underground aquifers. The water and air passage allows latent heat exchange, 
and therefore decreases the temperature of the pavement. This in turn assists trees and other 
landscape root systems to better access air and nutrients, providing cooler root zones which 
results in larger-better shading, landscape materials (Golden 2007). 
 
2.2.5 Effects on Health 
The heat has a negative effect on human life. In Arizona, on average, 82 people died per 
year from either a heatstroke or sunstroke between 1992 – 2009. Approximately 70% were male 
and 54% were Hispanic/Latino.  Most heat-related deaths were attributed to outdoor 
conditions/exertion (Mrela,C. et al. 2010). The body temperature regulation is controlled by the 
hypothalamus located in the brain. The hypothalamus via the nervous system regulates the 
body's temperature to keep body core temperature within a healthy range. At very low activity this 
is around 37.7°C (98.6°F). With increased activity this temperature can increase to 38–39 ºC 
without adverse health effects. To stay within a healthy temperature range, the body balances 
heat production (whether by increased activity or externally via solar heat gain) with heat loss.  In 
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high temperature conditions, the skin loses heat to the surrounding air via evaporation. This can 
be most efficient in dry climate conditions, but in humid conditions the sweat does not evaporate 
efficiently and this significantly worsens human comfort. Another method for the body’s heat loss 
is respiration; the exhaled air is usually warmer and moister than inhaled air. The skin also 
loses/gains heat via radiation, conduction and convection depending on the temperature of the 
surrounding environment (World Health Organization 2003, Controlling Surface Temperatures to 
achieve Thermal Comfort, n.d.). 
Most adverse health effects related to heat stress are symptoms of the failure of the 
thermoregulatory system of balancing the body’s temperature. These failures range from simple 
heat syncope which is caused by the failure of the blood circulation to supply oxygen to the brain 
and regulate blood pressure (as the body directs/dilates blood vessels to remove heat via 
radiation). Heat syncope has similar symptoms as a heat stroke but can be recovered from easily 
by taking in fluids and moving to a cooler area. However, if the exposure to high temperature is 
prolonged, it may progress into a full fledged heat stroke, where the body temperature gets above 
107.6 °F (42 ºC) and can lead to damage to cellular structures and the thermoregulatory system. 
Once these symptoms occur the risk of mortality becomes much higher. Many factors may 
exacerbate the mortality rates of heat-related illness. The elderly are especially vulnerable to 
heat, because of their less efficient thermoregulatory system or because of certain drug 
interactions they may be on that obstruct normal homeostasis (World Health Organization 2003). 
 
 
2.3 Outdoor Thermal Comfort in Urban Phoenix 
Human thermal comfort is not easily quantifiable even in a controlled indoor environment. 
The outdoor environment is even harder to quantify as it includes multiple factors that affect the 
pedestrian and cannot be described using a single factor such as ambient air temperature. As 
argued by Jeffrey Cook outdoor comfort criteria cannot be compared to indoor criteria. The 
outdoor criteria should be benchmarked by different parameters, and the benchmark of the 
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individual’s comfort level outdoors is much higher than the one for indoor environment (Cook 
2001).  
Therefore, past outdoor comfort research usually cites a certain thermal index which 
combines a number of factors affecting comfort as a benchmark for the study. The critical factors 
for outdoor comfort may include air temperature Ta, relative humidity RH, air movement v, and 
mean radiant temperature Tmrt. However thermal comfort is also dependent on the person’s 
clothing CLO, activity level MET, psychological and other factors. The person is not actually 
experiencing the ambient temperature; instead the pedestrian’s comfort is affected by the heat 
lost/gained from the body. The general public’s typical misunderstanding is that the most 
important factor for their thermal comfort is the ambient air temperature. But, especially in outdoor 
conditions, Tmrt is as, if not more, important in the level of comfort. Tmrt and ambient temperature 
are interconnected to a certain extent; for example, a 1°F (0.56 °C) increase in air temperature 
can be counterbalanced by a decrease of 1.39 °F (0.77 °C) in Tmrt (Emmanuel et al. 2006). 
During the summer, in the hot-arid southwest Phoenix built up urban environment, most of the 
heat absorbed by a person standing in an outdoor space comes via the short wave and long 
wave radiation fluxes. After the direct shortwave radiation exposure, past research in this 
environment has repeatedly shown the dominant role of long wave radiation received from the 
surrounding surfaces (Bryan 2001).  
 
2.3.1 Mean Radiant Temperature 
 The degree to which long wave radiation affects pedestrians is largely dependent on the 
mean radiant temperature. Tmrt however, is relative to the specific location in the urban space. 
With every step, the sum of the radiation fluxes the pedestrian is exposed to, changes 
significantly as his/her exposure changes to the various surfaces in the environment. This state 
has been called “a person’s view-factor” and can be best illustrated as a sphere surrounding the 
pedestrian at any given location (See figure 3). This “radiating” sphere can be described using 
fish eye photograph at the location tested in both the upward and downward direction to assess 
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the surfaces that are affecting the person in that location. Depending on the location, typically the 
upwards looking fisheye photo shows the sky, portions of buildings (depending on height), trees 
and other vegetation. The majority of the downwards looking fish eye photograph typically, shows 
the ground surface with the lower portion of the surrounding architecture (Chalfoun 2001). 
 
Figure 2.4: Estimating the pedestrian’s body view factor of surrounding surfaces using fish eye 
lens photography. Source (Chalfoun 2001) 
 
 
 
Figure 2.5: Fish eye lens photographs at Chase Bank Plaza – Monroe and Central showing close 
to half of the surfaces affecting the pedestrian are the ground surfaces. 
 
This fact alone indicates the critical importance of shading as an approach for attempting 
to reach an acceptable thermal comfort level in a hot arid setting such as Phoenix. Shading helps 
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in a number of ways; it shields the pedestrians from direct solar exposure and reduces the 
temperature of the shaded surfaces, thereby reducing the radiative exchange with the 
pedestrian’s body.  
Furthermore, there are numerous unquantifiable factors affecting outdoor comfort such 
as the contrast in temperatures and time of exposure. Contrast is the concept that outdoor 
comfort is affected by moving from an extreme environment to a less extreme environment. So if 
a person is experiencing a large amount of heat gain standing in an exposed asphalt parking lot 
and moves into the shade of a tree, his/her feeling of comfort is improved by the contrast (Yoklic 
2001). For the design of the outdoor comfort features at the EXPO 92 in Seville, the measure of 
outdoor comfort was set by the amount of a person’s sweating.  In fact, most of the evaluation 
studies for the various cooling subsystems designed were shown through graphs expressed 
through grams/hours of sweat (Rowe 1991). The human organism regulates its heat exchange 
with the surroundings by the amount of sweat produced. So ideally the comfort would be such 
that no sweat is produced.  
 
2.3.2 Human Energy Balance 
The human energy balance (Figure 2.6) shows the various factors affecting human 
outdoor comfort. Out of these heat gain/loss factors, the most significant one is the total radiation, 
which can amount to up to half the total heat gain on the subject. On the other end of the 
spectrum is the ambient temperature, which accounts for only 7% of the heat gain (Rowe 1991). 
The human body perceives the combination of all climatic parameters which act together, and 
affect each other in various magnitudes depending on the weather conditions. For example, 
during a sunny winter day with low wind velocity, the mean radiant temperature Tmrt affects the 
human heat balance roughly equally as the air temperature Ta. The Ta becomes more significant 
when the wind velocity increases because of the increased skin convective heat exchange. 
However, on a hot sunny summer day the Tmrt becomes the dominant factor affecting the 
pedestrian thermal comfort (Höppe 1999). Therefore, lessening the exposure to and reducing the 
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temperature of the surrounding surfaces (i.e., Tmrt) is the most effective means to achieve outdoor 
thermal comfort for pedestrians in urban spaces (Bryan 2001). This is especially true in hot-arid 
climates such as Phoenix, Arizona. The relative humidity is typically low (average 12%-15% from 
data collected by author in June 2007) assisting comfort by rapidly evaporating sweat.  
 
 
Figure 2.6: Human energy balance. 
 
2.3.3 Microclimate of the Urban Street 
The work of Nunez and Oke (1977) is the basis of the heat fluxes in an urban street. 
Their case study was of a north-south oriented street in Vancouver Canada, with a geometry 
ratio of almost 1:1(width to Height). The basic make up of the street environment tested was 
white painted concrete walls, no windows, and light vegetation. The conclusion was that the 
street orientation and geometry played a major part in the radiation exchanges. During a typical 
day, the east-facing façade is initially irradiated at sunrise. In the afternoon the radiation is 
hitting mainly the west facing wall, however, the east wall also experiences a second peak by 
receiving the reflected radiation from the west facing façade. In the North South oriented street, 
the majority of the radiation at noon is absorbed by the street surface. The west and east 
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facades are mainly exposed 1.5 hours before and after solar noon. During the day, 
approximately 30% of the heat energy (sensible heat fluxes) energy was stored in the street 
and façade materials, approximately 60% of the heat energy surplus was dispersed as a 
sensible heat flux to the air and 10% transferred to air as latent heat by evaporation. At night, 
with lower speed winds, and therefore lower turbulence, the street loses energy stored in the 
materials via long-wave night sky radiation. The conclusion also emphasized the significance of 
wind speed and direction in the nature of the advective transports of heat and energy. Whether 
the wind direction is parallel to the street axis or coming at an angle, may have an important 
part in the heat transport by mean flow (Nunez and Oke 1977). Yoshida et al. (1990/91) 
performed a study for an East West street referencing Nunez and Oke’s North South street 
experiment. The results of Yoshida’s study validated many of Nunez and Oke’s results and 
detailed the differences between the North South and the East-West oriented streets. The case 
study was set in Kyoto, Japan in an almost symmetrical street with a 17m (±52.1 feet) wide and 
16m (±49.6 feet) high proportions. The measurements included surface and air temperatures, 
wind flow and heat fluxes. The comparison the study made was between the roof surface 
temperatures, wall (north and south) temperatures, road temperatures and air temperature. The 
conclusions were that the energy stored in the canyon was about 1.5 times higher than in the 
roof surfaces. Approximately 40% of the heat energy surplus (against 60% for the Nunez Oke 
canyon) was dispersed as a sensible heat flux to the air (due to the E-W orientation). The study 
conclusions noted the negligible heat transfer of the shaded walls (to surrounding air via 
turbulence) as opposed to the sunlit walls (Yoshida 1991, Toudert 2005). 
 
2.3.4 Thermal Comfort Indices 
Much has been researched evaluated and written about indoor thermal comfort. There 
are several standards by which human thermal comfort is measured. In 1966 the American 
Society of Heating, Refrigerating and Air-Conditioning Engineers included a definition of comfort 
as "a state of satisfaction with the thermal environment". More recently ASHRAE 55 2004 
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“Thermal Environmental Conditions for Human Occupancy” defines comfort as “to specify the 
combinations of indoor thermal environmental factors and personal factors that will produce 
thermal environmental conditions acceptable to a majority of the occupants within the space”.  
There were many definitions of a “comfortable” environment over the past decades. One 
of them was based on thermal “neutrality” where a person was neither warm nor cold and but 
“neutral” in terms of temperature perception (Houghten and Yaglou 1923). Fanger (1970) defined 
"comfort" as a person being in thermal equilibrium and by the person’s lack of need to regulate 
his body temperature by any vascular change, i.e. the lack of sweating. Fanger also introduced 
that the combination of environmental variables has to change based on the person’s level of 
metabolic activity (MET) (Fanger 1970) 
Despite the fact that there are numerous thermal indices quantifying thermal comfort, 
most of them share common inputs. Most of the indices can be categorized as either empirical or 
rationally derived. Empirical indices include the Effective Temperature (ET), Resultant 
Temperature (RT), Operative Temperature (To), and Humid Operative temperature (Toh). The 
rational indices include the “New Effective Temperature”, the Standard Effective Temperature 
(SET*), the PMV (predicted mean vote), PPD (percent people dissatisfied) (Toudert 2005, 
Chalfoun 2001).   
Houghten and Yaglou (1923) defined the Effective Temperature (ET) index, which used 
the psychometric chart to characterize comfort in terms of a combination of dry bulb temperature 
Ta and humidity Rh. In 1948, Bedford added to the definition of ET the effect of radiant 
temperature (measured by a black globe) and the effect of air movement.  Missenard (1931) 
came up with another scale called “Resultant Temperature” by adding the effect of heat and mass 
transfer coefficients. The next step was the Operative Temperature (To) which Winslow, 
Herrington and Gagge (1937) used to define as a weighted average of the mean radiant 
temperature and ambient temperature weighted by the heat transfer coefficients. Sibbons (1966) 
went further and included the related heat transfer coefficients that connected the evaporative 
heat loss to the gradient of humidity ratio from the skin surface to the environment. Sibbons called 
   23 
this index the “New Operative Temperature”. Ibamoto and Nishi (1968) added the “Humid 
Operative Temperature” (Toh) adding the associated heat transfer coefficient, the effect of 
humidity, expressed as a vapor pressure gradient, and of clothing insulation as an extension to 
the previous indexes (Gagge 1973). 
All of the indexes up to this point involving humidity were calculated based on a 100% 
saturated environment. This naturally, is not reflected in the daily experience of a person 
experiencing the typical outdoor climate. Therefore, it was suggested by Thom (1957) that the 
“Effective Temperature” (ET) should be expressed in terms of a humidity base of 30% RH rather 
than at 100% RH. This index was named "sentient" to describe what the average person “feels” 
(Thom 1957).  This led to the “Humid Operative Temperature” index by Gagge, Stolwijk and Nishi 
(1971) using estimated sweating of a person’s skin surface. Incorporating the transfer coefficients 
for both sensible and latent heat exchange, the “Humid Operative Temperature” (Toh) could 
estimate comfort in terms of relative humidity and skin wetness. The proposed index called the 
“New Effective Temperature” index (ET*) uses a base of 50% RH to be more of an approximation 
of actual climatic conditions.  Subsequently, Gagge, Nishi and Gonzalez suggested that the 50% 
RH base be incorporated into a new index, defined as the temperature of an imaginary 
environment with a predetermined transfer coefficient in which the total heat exchange from the 
skin surface (sensible and latent) would match the real environment. They called this standard 
index the “Standard Effective Temperature” (SET*) (Gagge 1973). 
 
2.3.5 Role of Urban Vegetation 
Landscaping can have a significant effect on tempering the outdoor temperature. If 
used on a large scale it can even have a measurable effect in moderating the urban heat island 
effect. (McPherson et al. 1994, Akbari et al. 1995, Taha et al. 1997). However, different studies 
have varying results on the quantification of the role of urban vegetation. There are few studies 
on the effects of the vegetation on outdoor thermal comfort, especially within an urban context. 
(e.g. Shashua-Bar and Hoffmann 2000). Vegetation contributes to the modification of urban 
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climate in primarily providing shading, evapotranspiration and directing wind direction, either as 
a windbreak or as a wind funnel (McPherson et al. 1994).  
The most important property of the tree is its potential as a shading device. In this 
respect, the significant characteristic is its shape, volume and leaf density. Shashua-Bar and 
Hoffman, (2000) studied the tempering effects of trees in planted urban streets at various 
locations in a hot arid urban location. In their study of, they found that the tempering effect of 
planted urban streets was about 1 -3 K (1.8 – 5.4 ºF). Their conclusion, which is repeated in 
other similar studies, is that the local cooling effect is ascribed mainly to the shading properties 
of the vegetation rather than to evapotranspiration. The vapor pressure measured within the 
vegetated areas was insignificantly higher relative to an adjacent non-vegetated area. This was 
justified because of the lack of irrigation of the soil and thereby leading to low 
evapotranspiration rate (Shashua-Bar and Hoffman, 2000).   Therefore, in hot-arid climates, the 
optimal use for vegetation is for its shading properties to abate the short wave solar radiation in 
the summer, since the main source of discomfort is the mean radiant temperature resulting 
from the long wave radiation of the various surfaces directly exposed to the sun. The tree’s 
shade reduces the materials’ heat absorption and stored energy and thereby reducing the 
amount of radiation it emits back onto the street pedestrians.  In a paper presented at the PLEA 
Conference in 2003, titled ‘Radiative exchange analysis between a tree and a west wall’, Puja 
Manglani reports on her experiments focusing on the shade tree’s role in lowering the surface 
temperature of a tree shaded wall. In her paper, the tree is effective, not only due to blocking 
solar radiation, but also due to a radiative exchange between the tree and the surface of the 
wall. In her results, she found that at 3:00 pm in the summer the difference between an 
exposed wall (104 °F (40 °C)) and a shaded wall (84 °F (28.9 °C)) is 20 °F (11.1 °C).  
Evapotranspiration is the process involving evaporation of water at the stomata of the 
tree leaves, as well as water trapped in the soil. However, as stated previously, in an urban 
environment the tree’s shading effect is the primary strategy for improved comfort. In an urban 
setting, the cooling caused by evapotranspiration is insignificant. This is due to the rapid 
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dissipation of any “cooler air” through air turbulence in a hot summer street (McPherson and 
Simpson 1995). Evapotranspiration is effective only in situations where significant irrigation 
occurs such as in agricultural fields. However, it also has a significant effect, in residential areas 
with large areas of vegetation such as parks. There, the cooling effect of trees due to 
evapotranspiration can be up to 10°F (5.6 °C) (McPherson and Simpson 1995). In an urban 
context, the effect of the vegetation is dependent on the amount of the planted area as related 
to the urban built-up area. It is also dependent on the size, type and location of the tree. 
Specifically on the tree’s LAI (leaf area index) and LAD (leaf area density).  When we consider 
large vegetated areas such as parks, studies show that the cooling can affect even the 
surrounding areas (Shashua and Hoffman 2000). In their study, Shashua-Bar and Hoffman 
(2000) studied the tempering effects of shade trees at small urban vegetated sites. They 
concluded whatever the cooling effect resulted, was mainly (80%) attributable to the shading 
effect of the tree as opposed to other factors. They concluded that for hot climates, the most 
effective use of the vegetation is its shading property which lessens the direct solar radiation 
incident on the high heat capacity materials of the street. 
However, individual trees spaced with large intervals, as is usually the case in an urban 
street, do not have a significant effect. Therefore, it has been recommended that several 
smaller grouped tree areas have more cooling effect than one large green space (McPherson 
1992, McPherson et al. 1994). In a dense urban environment, trees can be located in various 
locations such as in rows along the sidewalks, in parking areas and at street intersections. As 
reported by McPherson (1994), in his study in Chicago, there were significant economic returns 
in the form of saved energy as a direct result of the green cover, of which a third was placement 
of trees along streets. The most energy savings (50% to 65%) from planted vegetation were in 
residential areas. 
It is difficult to estimate the actual contribution of trees and vegetation on human outdoor 
comfort, since it is dependent on many other factors such as the street materials, the geometry of 
the urban space, anthropogenic heat from traffic and mechanical equipment, and many others. 
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However, in studies researchers have proposed quantification of the benefit of trees and 
vegetation related to outdoor comfort, energy savings and impact on the Urban Heat Island effect. 
In an analysis by Rosenfeld et. al. on strategies mitigating the urban heat island in Los Angeles, it 
shows that the L.A. UHI can be reduced by as much as 3°C (5.4°F) through the use of high 
albedo roofs, pavements and urban forestation. To achieve this however, the urban forestation 
has to consist of planting an additional 11 million trees in Los Angeles. (Rosenfeld et. al. 1996) 
However, in order to achieve these benefits of urban vegetation, we have to pay 
particular attention to the requirements of appropriately planting and maintaining healthy mature 
trees in an urban setting to produce the desired shading and cooling effects. Professor Chris 
Martin of ASU’s Department of Applied Biological Sciences has put forth recommendations 
specific for factors influencing tree growth and health in the Phoenix urban core (Martin 2006). 
According to Martin, the main aspect that influences the growth and health of urban trees is the 
condition and scope of the tree’s root zone. Tree roots need adequate air, water and space below 
ground (6” to 30” in depth) for health and strong growth. The root system of a healthy tree is 1 to 
3 times larger in diameter than the tree canopy. If this space and access to air and water is not 
available (as is the case with most of the trees currently in the Phoenix urban core) tree roots will 
not grow and this results in shorter tree life spans and smaller tree crowns and consequently in 
less shading potential (Martin 2006).   
Soil quality and compaction also have a significant role. Here it may be of benefit to take 
advantage of synergies between tree planting and use of urban pavement materials.  
The National Center of Excellence on SMART Innovations at Arizona State University 
has been doing research on pervious pavements that allow air and water into the soil. According 
to their research on trees planted in and around parking lots constructed using pervious concrete, 
the trees tend to grow wider and live longer than similar trees surrounded by impervious 
pavements (Pervious and Porous Pavements 2007). Below in Table 2.2 are the most appropriate 
urban shade tree species to be used in parking lots. This table is a modification from a list 
prepared by Dr. Chris Martin for the Arizona Community Tree Council in 2004. 
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Table 2.2: Partial list of common Arizona urban trees suitable for use in commercial parking lots 
(based on Dr. Chris Martin’s list prepared for the Arizona Community Tree Council, 2004)  
Scientific 
Name* 
Common 
name 
Heat 
Tolerance 
Water 
Req. 
Parking lot 
suitability 
Special Notes 
Eucalyptus 
microtheca 
Coolibah Excellent  Low Excellent High stress tolerance 
Prosopis 
Alba 
Argentine 
Mesquite 
Excellent  Low Excellent Extensive training 
required, seasonal 
litter 
Prosopis 
chilensis 
Chilean 
Mesquite 
Excellent  Low Excellent Extensive training 
required, seasonal 
litter 
Prosopis 
grandulosa 
Honey 
Mesquite 
Excellent  Low Excellent Extensive training 
required, seasonal 
litter 
Prosopis 
Pubescens 
Screw bean 
Mesquite 
Excellent  Low Excellent Extensive training 
required, seasonal 
litter 
Prosopis 
Velutina 
Velvet 
Mesquite 
Excellent  Low Excellent Extensive training 
required, seasonal 
litter 
Parkinsonia 
Florida 
Blue Palo 
Verde 
Excellent  Low Excellent Extensive training 
required, seasonal 
litter, low wood density 
 
Tree Rating categories: 
Heat tolerance: Poor, Fair, Good, and Excellent 
Water Requirements: Low, Medium, and High 
Parking lot suitability: Poor, Fair, Good, and Excellent 
 
*Only larger trees with denser shade, good heat tolerance, low water usage and good/excellent 
parking lot suitability were selected from the list. 
 
Coincidentally, the Maricopa Association of Governments (MAG) also published their 
recommendations for native, low water use shade tree species in their “Maricopa Association of 
Governments Pedestrian Policies and Design Guidelines” published in April 2005. The species 
MAG recommends is similar as the species listed in Table2.2 MAG recommends:  
1. Mesquite (Prosopis sp.) 
2. Palo Verde (Cercidium sp.) 
3. Acacia (Acacia sp.) 
4. Ironwood (Olneya sp.) 
5. Desert Willow (Chilopsis sp.) 
6. Ebony (Pithecellobium sp.) 
7. Lysiloma (Lysiloma sp.) 
 
Other factors affecting tree planting do not have to do as much with selecting the proper 
species, but with knowing how to correctly water and maintain the trees. Selecting drought 
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resistant trees does not necessarily help in saving water unless appropriate watering and 
maintenance is utilized as well. (Martin 2003).  
 
2.4 Balancing UHI Mitigation and Human Thermal Comfort  
 
The greatest heat gain of the pedestrian walking or standing in the urban environment is 
from radiation. This is primarily from direct radiation, if the person is standing in direct sunlight. 
However, if the person is standing under a shade structure or a tree eliminating the direct 
radiation effect, the second main heat gain factor is the long wave radiation emitted from the 
surrounding materials (Tmrt). Comparatively, the heat gain of the pedestrian as a result of the air’s 
ambient temperature via convection is relatively minor. Therefore, the primary goal for design 
strategies for human comfort in urban exterior spaces should be in controlling the radiant 
temperatures of the building material surfaces (both vertical and horizontal) that impact 
pedestrians. Summer daytime measurements in Downtown Phoenix Arizona show material 
surface temperatures that can easily reach 150 °F (65.6 °C). These are surfaces that have 
significant effect on pedestrians as they are directly below and within few feet of the pedestrians 
(Bryan 2001). 
The strategies for mitigating the UHI and improving human thermal comfort are not 
always compatible. While the Urban Heat Island in Phoenix is a nocturnal phenomenon, outdoor 
human thermal comfort deals with daytime issues. The differences lie mainly in the way any 
mitigating strategies deal with exterior high mass, high heat capacity urban materials. Outdoor 
comfort strategies, for example, frequently recommend implementing horizontal shade structures 
over pedestrian spaces. However, while these shade structures shade the pedestrian from direct 
sunlight, at night, the same structures reduce the sky view factor of the pavement material 
underneath them and thereby trap some of the heat that can be discharged to the night sky. This 
is dependent on many factors such as the shade structure’s material, orientation, opacity, heat 
capacity, and others. There has to be a balance between shading and allowing the ground 
materials to discharge the stored heat. Simulation of different scenarios can be very helpful in 
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making specific recommendations on the combination between the size/type of shading elements 
(whether architectural or landscape), and the type of horizontal and vertical surfaces in the 
outdoor space. 
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CHAPTER 3 
RESEARCH BACKGROUND 
Most of the work, research and data collection for this dissertation was done during the 
2007 work on the Phoenix Urban Form Project. The projects goals were to “sustainably” revise 
the City’s zoning ordinances, to promote a downtown that is more “lively, inviting and 
comfortable”. The new zoning code’s goal was to optimize building and street proportions, street 
shading, open space, air movement and building materials relative to human thermal comfort and 
Urban Heat Island mitigation. With the light rail starting operations in 2008, there were already 
plans for major developments in the downtown area such as the Downtown ASU Campus, the 
Phoenix Biomedical Campus, and the Phoenix Convention Center. This, combined with the 
already existing sports venues, meant a significant increase in pedestrian traffic in the streets 
using these new facilities in the future. 
 
Figure 3.1: Phoenix Urban Form Project Area of Study and planned investments. Source 
(Downtown 2008) 
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The area of study was delineated by “character areas” and included about 1,500 acres of 
downtown Phoenix. It stretched for about a mile east to west, between 7th Street and 7th Avenue, 
and approximately two miles north – south between McDowell Road and Buckeye Road. This 
boundary was based on the City of Phoenix “Redevelopment Area” and included some areas to 
the south that were affected (Downtown 2008).  
 
3.1 Research Team 
The team that undertook the investigation was led by Professor Daniel Hoffman and his 
firm Studio Ma that was the architectural consultant for the main planning firm of Dyett and Bhatia 
working with the City of Phoenix Planning Department. The ASU supporting team included 
Professor Harvey Bryan, Akram Rosheidat, a Ph.D. student, Saravanan Balasubramanian and 
Shruti Kasarekar, Masters Students. There was also support from the ASU Global Institute of 
Sustainability led by Professor Jay Golden.  
The team looked for examples both in past thermal comfort and UHI research, as well as 
in the history of Phoenix itself. As mentioned previously, the Phoenix area has been growing 
significantly in recent decades, replacing native desert land, first with agricultural fields, and then 
more recently with commercial and residential development and infrastructure.  The combination 
of the advent of air conditioning in the 1950’s, and planning/designing the built environment for 
the car, resulted in the preponderance of paved streets, large parking lots, and the highway 
system creating the inhospitable pedestrian environment and the worsening the urban heat island 
phenomenon.  
 
3.2 City of Phoenix Background 
Before the advent of air conditioning the Phoenix area dealt with the harsh summer 
weather in more passive ways. Water was available for agriculture and irrigation through the 
dams constructed on the Salt River as a result of the 1902 National Reclamation Act, and 
Phoenix was described as an oasis with abundant trees and irrigated lawns. The downtown are 
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was a much more pleasant pedestrian environment with shaded pedestrian arcades and tree 
lined streets. 
 
 
Figure 3.2: Downtown Phoenix 1901, Intersection of 1st Avenue and Washington. Source: Dan 
Hoffman, Studio MA and Dyett & Bhatia, The connected Oasis presentation to the City of 
Phoenix, Dean Brennan Principal planner  
 
 
Figure 3.3: Downtown Phoenix 1930, Roosevelt Street. Source: Dan Hoffman, Studio MA and 
Dyett & Bhatia, The connected Oasis presentation to the City of Phoenix, Dean Brennan Principal 
planner  
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Figure 3.4: Central Avenue 1948. Source: City of Phoenix: 
http://phoenix.gov/citygovernment/facts/history/, Retrieved on February 28, 2014 
 
 
However, these examples from the 1940’s and 1950’s gave way to a much more 
inhospitable environment. One with a preponderance of concrete and asphalt covered streets and 
parking lots that lacked shade and made most of downtown Phoenix a hostile environment for the 
pedestrians. 
 
3.3 City of Phoenix Urban Form Project Research Questions 
The questions the team started with were based on intuitive architectural and urban 
design concepts implemented in hot arid cities, as well as elements from previous 
studies/research dealing with similar issues. Provide shade, density, allow breezes through the 
urban spaces, water evaporative strategies, wind channeling/catching, and reducing the 
pedestrians’ exposure to the heat radiating environment. The team examined historical and 
contemporary precedents, such as the design of Middle Eastern cities, the Seville 92 Expo, 
research from the UofA Environmental Lab (ERL), recent design and research work at ASU, 
among others. Each one of those aspects had unique perspective and presented innovative 
solutions for pedestrian thermal comfort in hot arid environments. 
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3.4 Precedents 
3.4.1 Seville EXPO 92 
The World Exhibition of Seville 1992 was intended to celebrate the 500th anniversary of 
discovering America. Due to its location and history, it presented an excellent opportunity to 
design and incorporate many systems for passive cooling of its outdoor spaces. The approach 
taken by the designers was to combine time tested outdoor comfort strategies with the 
technological advances made so far. Southern Spain has some of the most significant historic 
examples of outdoor comfort design such as the Al-Hambra Palace in Grenada (Asiain 1997).  
The passive cooling example of the EXPO '92 grounds was significant because of its 
near “urban” scale. The site was an empty 215 hectares (almost a square mile) located on the 
Isla de La Cartuja, a tract of land surrounded by the two branches of the Guadalquivir River. Five 
grand avenues which measure 300m x 800m (1000' x 2667') completed the area designated for 
the pavilions of the international participants. A pedestrian route 2 km long linked various theme 
pavilions. The vegetation consisted of 350,000 trees and plants, 40 km of hedges, over 50 
hectares (50,000 m2) of shading by hydroponic vines on pergolas and 20 hectares of fountains, 
cascades, and ponds (Cook 2001) 
The spaces between the exhibits were treated with a variety of shading and evaporative 
cooling strategies. The shading was mainly composed of vegetated pergolas to minimize radiated 
heat onto the pedestrians (Asiain 1997). Vegetated pergolas are in fact ubiquitous throughout the 
Mediterranean region as the shaded outdoor space type of choice for both residential as well as 
commercial space.  
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Figure 3.5: Seville 92 vegetative shaded pedestrian walkway. Source: Dan Hoffman, Studio MA 
and Dyett & Bhatia, The connected Oasis presentation to the City of Phoenix, Dean Brennan 
Principal planner  
 
The outdoor spaces also featured a number of evaporative cooling devices such as cool 
towers, ponds, water walls and water micronizers. The water walls were used especially to act as 
“wet barriers” modifying the air as it entered the usable spaces. Micronizers (high pressure 
devices that injected the water into the air through small orifices causing the water droplets to 
evaporate almost immediately – incidentally this type of device is used frequently in Phoenix  but 
locally it is known as misters) were used extensively and placed within the trees and along 
building edges. Water-cooled pavements and underground ducts were planned but not used 
because of their minimal effect and high cost (Asiain 1997). 
 
3.4.2 The Solar Oasis Project and Natural Down-Draft Evaporative Cooling Devices - Cool 
Towers 
The solar oasis project was planned to occupy the existing plaza north of the Phoenix 
Symphony Hall (the plaza no longer exists; the block is now taken up by the new Phoenix 
Convention Center). This used to be one of the most inhospitable spaces downtown Phoenix. 
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The large plaza was made of bare un-shaded concrete with no landscaping or any other features 
that may mitigate the harsh space. The project was envisioned to be a showcase for desert living 
outside, and to demonstrate outdoor comfort design, passive solar design principles, water 
conserving techniques and urban food production. The Project had four components, (1) an 
activity pavilion, covered with a tensile structure and including four cool towers, (2) an ecological 
garden, (3) a central area with water features, performance space and a food court, (4) a 
technology plaza, and a pavilion with a large cool tower and energy display. This area also 
featured a water storage display, a desert grove, interpretive center and a gift shop. (Chalfoun 
1991) 
The main feature studied by the team was the natural down-draft evaporative cooling 
devices (cool towers). Natural down-draft evaporative coolers’ concepts  were developed at the 
University of Arizona’s Environmental Research Laboratory (ERL). The basic design calls for a 
tall shaft with wetted media pads at the top. The evaporation process creates a cool column of air 
that naturally drops by gravity and exits through openings at the bottom. The air from the bottom 
openings can be directed into either an interior space or to an exterior enclosure.  The capacity of 
the tower is dependent on the height and the area of the wet pads. (Chalfoun 2000). Other 
strategies used for the Solar Oasis were discussed previously. They were combinations of 
selective uses of materials, shading and evaporative cooling.  
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Figure 3.6: Plan of the Arizona Solar Oasis in Phoenix, Arizona: Source: (Yoklic et al. 1991). 
 
3.4.3 ASU: Cool Connectors 
Another study that was taken into consideration was the cool connectors design for the 
proposal to relocate the Park and Swap flea market north of the Sky Harbor airport. The Park and 
Swap is a very active pedestrian venue that brings people on weekends from all over the metro 
area to trade various goods. This ASU design study proposed relocating the  Park and Swap to a 
new facility north of its current site to because of the airport’s future expansion.  
The design utilized numerous passive cooling strategies, but most significantly it explored 
shading as a main approach. Previous research shows that shading is essential, and should be 
considered as the first step to be implemented in any situation attempting to improve pedestrian 
outdoor comfort. This study was significant in articulating design ideas for implementing shading 
in various shapes and materials on a large scale site using modular construction. The final 
scheme showed an example of an active pedestrian commercial venue set in a park-like 
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environment (Ellin et al. 2002). This was an example of an active pedestrian environment that 
was to be emulated in the Downtown Urban Form scenario. 
  
Figure 3.7: Proposed Multi-use Park along the Grand Canal integrating mini-canals, 
architectural and natural shading. Source: Dan Hoffman’s Cool Connector’s Studio.  
 
3.4.4 ASU: Light Rail Transit System Stations 
In his study of outdoor design criteria for the proposed for the Central Phoenix Light Rail 
Transit System’s stations, Professor Harvey Bryan explored the effect of the radiating field on the 
pedestrian’s body as they stand on the light rail station and the critical aspect of the mean radiant 
temperature Tmrt. 
The mean radiant temperature is a measure that accounts for the radiative exchange 
between the pedestrian’s body and the surfaces that surround it. The research found that 
addressing the heat radiated from the surrounding surfaces, by either changing the material or 
blocking the “view” of the surface from the pedestrian’s body, is the most critical strategy for 
improving the outdoor thermal comfort (Cook and Bryan 2001). 
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Figure 3.8: The effect of the surrounding surface radiation on a body-before. (Source Bryan 2001) 
 
 
Figure 3.9: The effect of the surrounding surface radiation on a body–after. (Source Bryan 2001) 
 
3.5 Urban Form Project Research 
3.5.1 Research Scale and Conflicts in Approach 
In the subsequent research effort, the work proceeded on two scales. One scale was the 
macro scale within the urban canopy to assess strategies for mitigating the UHI (this was on a 
minimum of a 9 block downtown scale), and the pedestrian scale at the street canyon and plaza 
level. The strategies for addressing these two scales were sometimes in conflict. For example,  in 
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assessing building façade materials for mitigating the nocturnal UHI phenomenon, it would seem 
effective to reduce the amount of high mass, high heat capacitance materials, such as concrete, 
masonry or brick as much as possible. So it would be effective to replace high mass materials 
with, for example, Exterior Insulated Finish Systems (EIFS), essentially plaster stucco over 1”-2” 
foam insulation surface, which would not retain the heat from the daytime radiation absorbed, and 
would cool off much more rapidly than concrete reducing the UHI effect. However, from 
pedestrian thermal comfort perspective, the critical aspects are emissivity of the material, and the 
temperature of its surface. When exposed, the material surface exchanges thermal energy 
through radiations with the pedestrian’s body. This can either increase or decrease the 
pedestrians’ thermal comfort. Measuring stucco surface temperatures in summer, they were 
found to be on average 120 ºF (48.9 °C)in a number of locations, as opposed to concrete surface 
temperatures in the same locales which were on average 105 ºF (40.6 °C).  Therefore, the 
exchange of thermal energy via radiation with the pedestrian’s body is worse when exposed to 
the stucco as opposed to the high mass concrete. This is due partially to the thermal lag effect of 
high mass materials. The heat is absorbed slowly and the surface temperature stays lower 
through most of the day.  
Generally, concrete was found to have cooler surface temperatures, especially in the 
morning after it has discharged most of its heat during the night. This is further helped if the 
concrete is shaded (whether by an architectural or vegetative shade) limiting it’s exposure to 
direct sunlight and reducing the heat absorbed (Downtown 2008).  
 While the extensive shading through both architectural devices and urban forestry is 
beneficial in providing daytime shade for pedestrians, it can reduce the pavement surfaces’ sky-
view factor during the night, thereby reducing the rate of nighttime radiation to the sky and 
trapping the heat gained within the urban materials. The question becomes which is more 
beneficial, shading surfaces to reduce the amount of absorbed radiation, or keeping the surfaces’ 
sky-view open so it can discharge its stored energy faster to the nighttime sky? Additionally, while 
the planners’/designers’ intuitive response is to provide shade over the sidewalk, and block the 
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direct sun from impacting the walking environment, commonly, the examples seen are horizontal 
shade screens made of single sheet of metal. Structurally, it is an easy lightweight solution that is 
economical and fast to implement. However, an opaque horizontal metal shade, while it blocks 
direct sun, can also have detrimental consequences. Metal can become extremely hot in the 
summer and act as a heating radiator a few feet above the pedestrian’s head (Bryan 2001).  At 
night, this horizontal shade can also block the sky-view of the pavement below from discharging 
its stored heat to the sky. Therefore, different solutions have to be tested and specific 
recommendations are made to optimize the use of architectural and natural (vegetative) shade in 
combination with all the other strategies.   
3.5.2 Air Movement 
The research team started by collecting data for the simulation to test the various 
scenarios proposed. In the study, ENVI-met® was the central simulation software, however, other 
methods were also used given the limitations ENVI-met® has in certain situations (see 
Methodology Chapter for a detailed discussion on the ENVI-met® software). ENVI-met® 3.1 was 
chosen specifically in situations where computational fluid dynamics software was required to 
simulate the main atmospheric processes such as temperature, humidity, wind flow and 
turbulence, major radiation fluxes, and because of its capabilities of modeling buildings, 
pavements, soils, and especially vegetation. 
One of the research directions was optimizing air movement in the urban environment. 
From the pedestrian outdoor thermal comfort perspective, the low humidity (collected data in 
June 2007 12%-15%) of the climate in Phoenix (except for July and August’s monsoon season) 
helps in tolerating higher temperatures since it aids comfort by rapidly evaporating sweat. 
Allowing breezes (typically dry) will also assist in the swift evaporation of sweat and thereby 
aiding in improving the comfort conditions. Therefore, airflow is a significant factor in achieving 
thermal comfort. While it helps evaporation and cooling for pedestrians, it also contributes to 
removing air-born pollutants that accumulate in the urban canopy layer. When proportioned and 
located properly, simulation results show that tall buildings can create turbulence that increases 
   42 
the amount of air movement at the street level. Simulation results also show that a random 
pattern of narrow towers promotes air movement while tall and wide towers placed perpendicular 
to the wind directs airflow up and over the buildings and street below. 
On the urban block scale, various forms were tested for an entire grouping of urban 
blocks (roughly an area of 300’x300’/block). The urban block form was tested based on effective 
air flow at the mesoscale, street shading potential, orientation, street canyon proportions, and sky 
view factors that were conducive to releasing the evening heat. Wind is an overlooked resource in 
cooling the Phoenix urban environment. As mentioned previously, the urban form’s adverse 
impact on local wind patterns is one of the contributing factors in the increased UHI effect. Wind 
helps distribute the cooling effect of urban parks and helps clear up the pollutants that trap the 
heat in the urban fabric.  
The team started by simulating various urban block scenarios to gain an understanding of 
which combination of building mass, height, orientation with open space worked best with the 
prevailing winds for air movement. Based on the simulation results, the optimal massing at this 
scale was characterized by having maximum lot coverage of 80% (or 20% open space) not 
including alleys, and a building base of 8 stories. Above the 8th story the coverage was reduced 
to 50%. The tower placement alternated in a checkerboard pattern. This standard was also based 
on average street canyon proportions of 1:1.5 (Rosheidat et al. 2008). 
This tower configuration along with the open spaces created at the street level, enhances 
air movement and thereby “flushing” the street space decreasing the temperatures and removes 
pollutants. Wind patterns are significant in affecting temperatures between the various urban 
spaces. In previous studies it was shown that cooling effects of urban parks for example, is 
increased or diminished based on the direction of the prevailing wind (Oke 1988).  
Consequently, the varied open spaces at the street level can be enhanced by adding 
shading devices, creating pocket parks, courtyards and pedestrian passageways connecting the 
various parts of downtown Phoenix. However, from an economic point of view, the design could 
not “enhance” the entire pedestrian path with shading structures. Therefore, the design effort was 
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to enhance “strategic” locations along the pedestrian path such as street corners, 
openings/courtyards within the block structure and passageways within the block itself.  
 
Figure 3.10: Example of a scenario testing urban form’s effect on wind direction, surface 
temperature and mean radiant temperature. Source: (Rosheidat et al. 2008). 
 
The pavement of the street between the buildings is the largest contributor to the 
pedestrians’ mean radiant environment, and therefore test runs were simulated to gauge the 
effect of partially shading at least the east – west streets to reduce their Tmrt effect. The final block 
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design was then also simulated to test the average radiant temperatures, ambient temperatures, 
wall/surface temperatures, and incident direct/indirect radiation.  
 
 
3.5.3 MRT Calculation Using Fish-Eye Lens Photography 
Another methodology used was fish eye photography to assess urban geometry and 
pedestrian’s body view factors. This is a technique developed by I.D. Watson and G.T. Johnson 
of Macquarie University, New south Wales, Australia (Watson 1988), and used extensively by N. 
Chalfoun at the University of Arizona in Tucson.  
The goal of the Fish-eye lens photography technique is to characterize the hemispheric 
radiating environment surrounding and affecting the pedestrian’s body in a specific location. It is a 
3-dimensional representation of the radiation exchange with objects and surfaces in the urban 
environment used to estimate the view factors of the various radiating surfaces emitting long 
wave radiation incident on the human body. Fish eye lens photos are taken both looking down to 
the ground surface, and looking up to the sky since the pedestrian’s environment at a specific 
location essentially forms a sphere surrounding his/her body. Putting the two photographs 
together represents the entire sphere surrounding the pedestrian and illustrates what the body 
“sees”. By definition, the pedestrian’s view-factor is the portion of the thermal radiation that is 
incident on the pedestrian from a given surface to what would be received from the whole 
uniformly radiating environment (Chalfoun 2001). 
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Figure 3.11: Example of fish eye photography performed during the Urban Form Project 
Research. Site is the North side of Adams Street, West of First Avenue in the shade of a tree, 
halfway between the Orpheum loft building and the curb. (Tree shade only)  
 
 
Combined with the fish-eye photography, specific climate data was collected such as: 
solar radiation via a pyranometer, mean radiant temperature via a black globe sensor, dry-bulb 
temperature and relative humidity using a HOBO® data loggers place within a solar radiation 
shield, wind speed using an anemometer, and surface temperatures using Infrared (spot) 
thermometer. The measurements were taken on average between the hours 11:00 AM to 2:00 
PM covering the lunch hour which is typically the time of the most intensive outdoor activity.  This 
collected data was used later for input into various simulation software packages.  
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Figure 3.12: Fish eye lens photography and climate data collection process as part of the Phoenix 
Urban Form Project 2006-2008. 
 
 
To estimate the view factors, the fish-eye lens photographs are overlaid with a polar 
graph whose annuli and radii relate to a fraction of the pedestrian’s view factor. The grid is 
divided into a 1000 parts using 25 annuli and 40 radii. Therefore, each part in this grid represents 
0.1 percent of the radiating environment on each half of the radiating hemisphere. Combining 
both photographs, therefore, the cells would represent 0.05% each of the total radiating 
environment at that particular location (Chalfoun 2001). 
Each surface type is assigned a symbol marked within the grid cells. Once tallied, the 
percentage view factor of each type of surface affecting the pedestrian’s body e.g. concrete 
pavement, asphalt, granite façade cladding, tree crown, the sky, etc. becomes known. 
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Figure 3.13: Example of fish eye photography with polar grid overlay to calculate view factors 
(after Chalfoun 2001). Work done as part of research for the Phoenix Urban Form project 2006-
2008. 
 
For assessing thermal conditions of these outdoor spaces, we used the program 
OUTDOOR © developed by Dr. Chalfoun at the University of Arizona. The program uses the 
input of dry bulb temperature, total solar radiation, atmospheric pressure, relative humidity, wind 
speed, metabolic rate, clothing insulation value, ground reflectivity, and the emissivity of the 
surrounding surfaces.  
 
 
 
Figure3.14: Example of output screen for the OUTDOOR © program. Source: (Chalfoun 2001) 
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The output then shows the predicted mean radiant temperature (MRT) and the ASHRAE 
New Effective Temperature (ET) in that location assuming varying degrees of shading. It also 
automatically calculates the predicted mean vote (PMV) index on a scale from -5 to +5 (Patil et. al 
2008). This tool was helpful to quickly assess the benefits of potential shading scenarios. It also 
provided output values that could be used for the main ENVI-met simulation.   
 
3.5.4 Shade Structure materials 
The limitation of ENVI-met’s materials simulation is that the building blocks are made of a 
single generic material type, and have no thermal mass. In its building blocks, ENVI-met® also 
accounts only for a single constant indoor temperature. Furthermore, the albedo and thermal 
resistance of the building surfaces is constant and cannot be varied (Emmanuel & Fernando 
2007). Therefore, to test for the effect of materials’ mass characteristics, and to test various 
assemblies for recommendation for architectural shading, the study utilized RadTherm®, which 
specializes in radiant heat transfer analysis, and is able to incorporate the materials’ mass in its 
simulation. The RadTherm® Software was used at ASU to test simulate properties of radiative 
surfaces, and results were validated in a published study (Antia 2005).  
RadTherm® Heat Transfer Analysis Software is a thermal simulation tool for both steady 
state and transient heat transfer behavior. It is capable of simulating single, as well as composite 
materials’ radiation, conduction and convection heat transfer exchanges in the urban 
environment. Additionally, Radtherm®’s Thermo Analytics Human Comfort Module is an 
advanced plug-in for analyzing human thermal comfort within complex environments: indoor, 
outdoor, and in transportation systems. Radtherm®’s Human Comfort plug-in allows users to 
place virtual test dummies into these environments, and compute comfort indexes. Full radiant, 
convective and conductive heat transfer is accounted for, including localized thermoregulatory 
response such as perspiration, respiration, and blood flow changes (Radtherm 2009). Radtherm® 
has an extensive library of materials that can be applied in the model to simulate building walls, 
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pavement types and shade device materials. The materials can also be used in assemblies and 
assign surface values in terms of color and roughness. This allows Radtherm® to test different 
shading scenarios using a variety of material assemblies with different properties. Even though 
Radtherm® is capable of modeling terrain objects such as soil and foliage, it does so only 
generically. There are few characteristics that can be modified in a “terrain” object other than 
designating it as a “soil” or “water” or “foliage”. It can have surface and bulk moisture levels 
characterized as dry, moderate and saturated, but it does not have the complexity to simulate 
evapotranspiration like ENVI-met. Therefore, the results will have to be a combination of 
analyzing the vegetation effects primarily in ENVI-met® and the shade materials’ in Radtherm®.  
3.5.4.1 Micro Scale Simulation Case Studies 
The case studies used a street scenario similar to the existing 1st street area between 
Fillmore and Roosevelt with a ±24’ wide sidewalk on both sides, and a street width of ±64’. The 
basecase had a building height of 15’ on both sides of the street, no trees/vegetation or shading 
devices were used. The same scenario was run on an east-west orientation. The street scenarios 
were tested as areas of multiple applied shading strategies using both architectural shade 
(Radtherm®) and vegetation (ENVI-met®) in order to bring the environment into an acceptable 
range of thermal comfort. The simulation was run around a 24 hour day cycle on July 19 and July 
20, 2007.  
3.5.4.2 Establishing the Goals for the Radtherm Simulation 
The factors involved in assessing the MRT potential of various materials are surface 
temperatures and emissivity. The emissivity varies little as most materials’ values are around 0.9. 
However, the surface temperatures were found to vary significantly between different materials.  
From a pedestrian thermal comfort perspective, high mass materials, such as concrete or brick 
perform much better than insulated low mass materials, such as exterior insulation finish systems 
(EIFS). The collected data show that even with full solar exposure concrete surfaces run 10-15 ºF 
10-15 F (5.5-8.3 C) lower than EIFS. Additionally, if the high mass materials are shaded and 
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periodically wetted, their temperatures can run even lower. This results in cooler surfaces which 
emit less radiation onto the pedestrians in the outdoor space. High mass materials have been 
typically classified as detrimental to mitigating the urban heat island. However, the urban heat 
island effect in hot arid climates is a nocturnal phenomenon and therefore has less of an effect on 
pedestrian comfort which is a daytime activity. Therefore, when designing for pedestrian outdoor 
comfort, shaded high mass materials are preferable to low mass materials. This is one of the 
inevitable trade-offs between maximizing the outdoor pedestrian thermal comfort and mitigating 
the urban heat island effect.  
For the shade materials testing, the goal was to determine which materials are most 
advantageous for use as shade structures over the street’s pedestrian space. In typical situations 
in Phoenix, many existing shade devices such as building overhangs or bus stop shelters are 
made with dark colored thin metal. These metal canopies get very hot and the radiated heat from 
the metal canopies reverse any gains in human comfort from shading the direct sun. Field 
measurements of such structures found them to have up to surface Sol-air temperatures of 150 
ºF (65.5 ºC) on a summer day (Bryan 2001).  
In order to test the comparative benefits of the various shade materials strategies, the 
following scenarios were used to test the shade design in Radtherm on the same street geometry 
as described above: 
1. Basecase: no shading, bare environment, standard grey rough concrete 
sidewalk (emissivity 0.92), brick facades (emissivity 0.85), and asphalt 
street materials (emissivity 0.94).  
2. Steel shade: Add a 6’ deep ¼” thick oxidized steel shade along the 
building façade at 10’ height. The steel surface is oxidized (0.80 
emissivity). 
3. Concrete shade: Add a 6’ deep 4” thick concrete shade along the 
building façade at 10’ height. The concrete material is smooth and 
painted white (0.92 emissivity) 
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4. Wood shade: Add a 6’ deep 4” thick painted wood shade (emissivity 0.9) 
device along the building façade at 10’ height. 
5. Canvas shade: Add a 6’ deep 2 mm thick light colored canvas shade 
(emissivity 0.77) device along the building façade at 10’ height. 
6. Fiberglass shade: Add a 6’ deep 4” thick painted wood shade (emissivity 
0.9) device along the building façade at 10’ height. 
7. Composite shade: Add a 6’ deep 4” thick composite shade device along 
the building façade at 10’ height. The composition of the shade is ¼” light 
colored steel top, ½” wood bottom with a 4” polyurethane insulation core. 
8. Composite shade and row of trees: In addition to the composite shade 
along the buildings add a row of 30’ diameter 25’ high trees for additional 
shading. 
 
3.5.4.3 Results and Discussion – Radtherm Simulation 
 
Figure 3.15: Radtherm simulation output graphic. Source: Radtherm Software Simulation. 
 
   52 
The Radtherm post processing window shows a graphic display of the model with the 
surfaces colored per the thermal graphic scale at the bottom. Furthermore, it is possible to select 
a part or element in the model and read the numerical surface temperature of its top surface or its 
bottom surface. The simulation ran on a 24 hour day cycle recording steps every 30 minutes. The 
charts show the readings of the various shading structures at 10:00am, 12:00 noon, 3:00 pm and 
5:00 pm. Readings were taken at the midpoint of the block of the surface temperatures of the 
concrete sidewalk, the adjacent wall temperature and then the top and bottom of the shading 
overhang.   Below are the figures showing each scenario. 
East Sidewalk Surf T at 10:00am
60.57
64.36
63.9763.9063.81
61.07 61.07
58.00
59.00
60.00
61.00
62.00
63.00
64.00
65.00
basecase shade - metal shade - concrete shade - wood shade - Canvas shade - composite shade, composite,
trees
 
East Sidewalk Surf T at 03:00pm
117.64
82.81
82.89
85.84 83.05
83.82
83.17
0.00
20.00
40.00
60.00
80.00
100.00
120.00
140.00
basecase shade - metal shade - concrete shade - wood shade - Canvas shade - composite shade, composite,
trees
 
Figure 3.16: Examples of Radtherm’s output results. 
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It is difficult if not impossible to achieve thermal comfort in all outdoor spaces all day and 
during all seasons. Therefore, any improvements have to take into consideration the time of day, 
orientation, season, etc. The results of the materials simulation show a pattern in the sidewalk 
temperature on both sides of a north south street where the basecase scenario and the concrete 
overhang shaded sidewalks start cooler in the morning. This is because the basecase and the 
concrete shade scenarios have exposed high mass materials which readily radiate their stored 
heat to the open sky at night. In the morning the high mass materials are ready to absorb more 
heat. Therefore, it may be more comfortable under a concrete shade in the morning as opposed 
to the other types of shades. The steel shade is cooler in the morning on the eastern façade of a 
north-south street because it is not directly exposed to the sun. On the western façade of a north-
south street it is running almost 70°F (38.9 °C) hotter in the morning as it is fully exposed to the 
low morning sun. The other types of shades (canvas, wood and composite) are running slightly 
higher in surface temperature but remain more constant during the day.  The charts of the east 
side and west facades of a north-south oriented street are almost opposite mirror images of each 
other as they get prolonged sun exposure in the mornings and evenings.   
The recommendations resulting from the simulation and research in this chapter have the 
potential to enhance pedestrian activities in the Phoenix downtown streets. The processes 
presented in this chapter illustrate that there is no single method or simulation software that can 
address all the complex processes involved in the urban outdoor environment. Therefore, it was 
necessary to follow a “blended” approach and use multiple approaches to reach the results 
needed. It has to be said though that the ENVI-met® software, despite some of its shortcomings, 
had the most comprehensive approach to studying and analyzing the outdoor urban environment. 
The simulation data generated by the ENVI-met® case studies were instrumental in providing 
data supporting the recommendations, and were effective in presenting the results to the City 
Council among other groups of stakeholders. Simulations of this type are important to quantify the 
benefits of proposed urban design scenarios. The simulation output visualized in LEONARDO 
(Bruce 2007) can act as a basis for the architectural design and urban planning decisions. This 
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climatic simulation allows planners to optimize the Phoenix urban form based on the harsh 
Phoenix climate and its specific desert environment. Basing design decisions on the output data, 
results in more specific/quantifiable recommendations for planning and urban form strategies.   
 
3.5.8 Recommendations 
 
 
Figure 22: Resulting and Recommended Massing Standards for high density urban districts – 
shading 50% of roof areas, 25% of shade using trees and vegetated trellises. All exposed roof 
areas to have an SRI of 78 minimum. Source: (Downtown 2008). 
 
3.5.9 Zoning Code Adoption 
The research process described in this chapter was formalized into a series of 
recommendations and published by the City in six chapters posted on their website (Downtown 
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2008). These recommendations were used to create City policy documents and eventually were 
encoded in Chapter 12 of the City zoning code adopted by the City Council in 2010. They apply to 
any development in downtown Phoenix larger than 5,000 square feet. 
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CHAPTER 4 
METHODOLOGY 
The simulation/experiment this research proposes to test is the optimization and 
quantification of the application of vegetation (trees as well as other vegetative ground cover) in 
an urban environment. The planned research and simulation seeks to contribute towards a better 
understanding and quantification of the effect of vegetation and urban forestry on reducing the 
UHI effect, and improving the pedestrians’ thermal comfort levels. The work will address the 
optimization of the application of vegetation in terms of size, density, configuration, location, 
irrigation and maintenance, and the relationship between those variables with other urban factors 
affecting human thermal comfort such as surface materials, air movement, urban geometry, and 
anthropogenic sources in the hot-dry context of Phoenix, Arizona. The results will be then 
discussed in the form of design guidelines and are intended to help in further defining improved 
UHI mitigation strategies and enhancing micro scale pedestrian comfort levels.  
 
4.1 Case Studies: 
The intent is to analyze, simulate and quantify the effect of various vegetation types and 
density scenarios, as well as placement and configuration options in terms of the effect on the 
temperature of the urban surfaces and thereby on pedestrian outdoor thermal comfort in an urban 
context.  Three specific sites in downtown Phoenix will be assessed and used as case studies. 
The study areas selected in the Phoenix urban core are representative of urban plazas with 
heavy pedestrian traffic and various orientations/sun exposures: 
1. The first case study area is the City of Phoenix Plaza between City Hall, the 
Orpheum Theatre on the west, and the Wells Fargo Complex on the East. The 
existing trees on site consist of (14)velvet mesquite 25’ -40’ tall, (1) western 
hackberry, 35’ tall, (3) desert ironwood, 35’ tall (4) orchid trees 5’-10’ tall, (8) 
Sonoran Palo Verde 25’ tall. The majority surface is composed of exposed 
aggregate concrete with decorative dark and light stripes. There are low seating 
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benches with red sandstone cladding. The trees are situated in planter areas 
where other low vegetation is planted such as Mexican feather grass ( Nassela 
tenuissima) 
 
Figure 4.1: City of Phoenix Plaza study area between City Hall, the Orpheum Theatre on the 
west, and the Wells Fargo Complex on the East. Image Source: Google Maps.  
 
 
2. Renaissance Square Plaza at the crossroads of West Adams Street and Central 
Avenue. This is an active urban space with a light rail station situated on its 
Eastern side, and a number of restaurants within the plaza itself as well as along 
Adams Street to the North. The plaza itself has an inactive water feature in the 
middle and two large granite clad planter areas aligned parallel to the two main 
buildings on the southeast and northwest corners respectively of the plaza. The 
planters contain ten (10) large mature ficus trees (Ficus microcarpa nitida). 
Adams Street on the North has five newly planted Southern Oak (Quercus 
Virginiana 
oak) trees.  The majority surface is composed of exposed aggregate concrete 
with decorative dark and light stripes. The buildings, One Renaissance 
Square (26 floors  347.0 ft tall) and Two Renaissance Square (28 floors 372.0 ft 
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tall), are clad with granite and glass (Emporis 2014). Due to the buildings’ height 
and location, the plaza in shade most of the afternoon.  
 
Figure 4.2: Renaissance Square Plaza at the crossroads of West Adams Street and Central 
Avenue. Image Source: Google Maps.  
 
This will be contrasted with an urban low-income residential site, which is characterized 
by a more dense population and sparsely vegetated environment. These types of urban 
neighborhoods are exposed to higher temperatures, have limited resources for coping with the 
extreme heat, and consequently are much more exposed to the related health risks. The 
residential site will be The Sidney P. Osborn public housing at 1720 East Adams east of the 
Phoenix downtown area.  
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Figure 4.3: Sidney P. Osborn public housing at 1720 East Adams and surrounding neighborhood. 
Source: Google Maps.  
 
4.2 Proposed simulation Scenarios 
To asses the optimization of the commonly suggested scenarios for UHI mitigation 
related to the urban surface temperatures, and outdoor human comfort the simulation will test the 
following scenarios in each of the sites tested: 
1. Baseline: simulation of actual situation with asphalt streets, 4”concrete sidewalks and 
other surface pavement, locating and modeling existing ground cover vegetation, trees 
and other plants in the space.  
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2. Natural desert scenario: Bare soil, exposed, low desert vegetation cover, shaded by 
building shape/geometry of urban space only. The baseline will also test simulation with 
varying degrees of soil humidity based on ground water presence and seasonal rains. 
3. Irrigated vegetated surface scenario – no shade: Entire space covered with irrigated 
grass, exposed, no other vegetation or trees, shaded by building shape/geometry of 
urban space only. 
4. Irrigated vegetated surface scenario – with tree shade: Entire space covered with 
irrigated grass, shaded by a variety of tree species. Sub-scenarios will be run using a 
large canopy, dense shade (high LAD), high water requirement tree species such as ficus 
and Chinese pistache, low water usage, medium LAD, heat resistant species such as 
Argentine and Chilean mesquite, and low water usage, low LAD species such as the Blue 
Palo Verde or Palo Blanco.     
5. 4” thick concrete pavement, exposed, no vegetation, shaded by building shape/geometry 
of urban space only. 
6. 4” thick concrete pavement – with tree shade: pavement shaded by a variety of tree 
species. Sub-scenarios will be run using a large canopy, dense shade (high LAD), high 
water requirement tree species such as ficus and Chinese pistache, low water usage, 
medium LAD, heat resistant species such as Argentine and Chilean mesquite, and low 
water usage, low LAD species such as the Blue Palo Verde or Palo Blanco.    
7. 4” thick concrete pavement, shaded with low density low height (3’ high maximum) 
vegetation hedges and building shape/geometry of urban space. 
 
4.3 Field Measurements and Input Data 
Field data and measurements have been collected in a series of sessions between 
September 2006 and September 2008. The climate stations collected the following data: dry-bulb 
temperature, relative humidity, solar radiation, wind speed, and globe temperature. Vertical and 
horizontal surface temperatures were measured using an infrared thermal gun. The 
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measurements were taken on average between the hours 11:00 AM to 2:00 PM covering the 
lunch hour which is typically the time of the most intensive outdoor activity.  This data will serve 
as the simulation input start values. A black globe thermometer was used for measuring the MRT, 
and sky view factors were recorded by means of fish-eye photography.  
ENVI-met® allows customization of the plant database so it reflects local species. The 
default vegetation is based on European standards and therefore is quite different than the tree 
species in the local Phoenix environment (See Table 3). Other input data required is climatic data 
namely wind speed, relative humidity, and initial air temperature. Soil type, initial temperature, 
and humidity, and the building data such as interior temperatures and mean heat transmission of  
walls and roofs. Most scenarios were run for 24 h starting from sunrise ( 5 am June 21, 2008) 
with data updated every 60s. Some of the scenarios were run for 48 or 72 hours specifically to 
simulate how thick high heat capacity pavement materials behave in terms of heating up when 
insolated during the day and how much heat they lose radiating to the sky at night in different 
situations (shaded by trees/buildings vs. un-shaded and open to the sky). 
 
4.4 ENVI-met Landscape/Plant simulation: 
The unique aspect of the software is its ability to simulate tree/plant/landscape’s sensible 
heat flux, transpiration, and evaporation including all plant physical parameters such as the 
photosynthesis rate. ENVI-met simulates the average temperature of leafs by solving the energy 
balance of the leaf surface according to the actual microclimatic and physiological conditions of 
the plant. It also calculates the turbulent fluxes of heat and vapor from the simulated wind field 
and the shape of the plant. The calculation of radiative fluxes takes into account the plant 
shading, absorption and shielding of radiation as well as the re-radiation from other plant layers.  
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Table 4.1: Local Vegetation database values used in the study to simulate existing and proposed 
scenarios.   
DB 
Symbol 
Common name Scientific name LAD 
max. 
(m2/m3) 
Height to max. 
LAD (m) 
Tree Height 
(m) 
MG Mexican feather 
grass 
Nassela 
tenuissima 
0.30 NA NA 
BG Bermuda grass Cynodon 
dactylon 
0.30 NA NA 
OT Olive tree Olea Europaea 3.39 2.25 8.25 
PV Mexican Palo 
Verde 
Parkinsonia 
culeata 
3.01 2.5 9.25 
BV Blue Palo Verde Parkinsonia 
florida 
1.85 2 7.5 
CO Coolibah  Eucalyptus 
microtheca 
2.59 2.75 8.75 
SO Seville sour 
orange 
Citrus aurantium 4.83 0.5 5 
SA Shamel ash Fraxinus uhdei 2.46 3 7.5 
MQ Thornless Mesquite Prosopis hybrid 2.92 2.5 9 
LO Southern 
live oak 
Quercus 
virginiana 
3.02 3 9.25 
AS African 
sumac 
Rhus lancea 4.39 2.25 8.25 
CP Chinese 
pistache 
Pistacia 
chinensis 
2.79 1.75 4.5 
AP Aleppo pine Pinus halepensis 2.68 2 21 
CE Chinese elm Ulmus parvifolia 1.68 2.75 8.5 
MF Mexican Fan Palm Washingtonia 
robusta 
3.00 18 20 
DP Desert Fan Palm Washingtonia 
filifera 
3.00 9 10 
Source: Virtual Library of Phoenix Landscape Plants - Martin C.A. (2009), (Barreto et al. 2013), 
(Chow et al. 2011). 
 
The gas and heat exchange between the vegetation and the atmosphere is controlled by 
the local energy balance controlling the leaf temperature as well as by the stomata conductance 
controlling the gas exchange (water vapor and CO2). The actual stomata conductance of a plant 
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is a complex function depending on external meteorological conditions (air temperature, available 
solar radiation etc.) as well as on the plants physiological processes (photosynthesis rate, CO2 
demand etc.). ENVI-met® uses a complex method to simulate the stomata behavior of the 
vegetation (ENVI-met 2013). 
To define the height and the shape of a plant, the model uses standard normalized 
functions (leaf area density profile LAD, Root area density profile RAD) which can be used for 
both for grass surfaces as well as for large trees. Additionally, the system also include simulating 
water on plant leafs which influences the evaporation rate of the plant. The water on plant leafs 
comes from condensation, absorption of rain and the transport between different layers of the 
plant or the ground surface (ENVI-met 2013). 
 
4.5 The ENVI-met Modeling software 
The work is directed at the development of strategies for a more comfortable 
microclimate for pedestrians in the hot-arid urban environment of Phoenix, Arizona. The research 
seeks to provide a quantitative methodology usable by urban designers. The variables affecting 
human thermal comfort are investigated, including materials, geometry, orientation, architectural 
shading design features, etc. Special emphasis is placed on the use of vegetation and other 
landscaping strategies to mitigate the harsh environmental conditions.  
The assessment of the human comfort is measured using various indexes namely the 
Standard Effective Temperature (SET). The research is conducted using ENVI-met® version 3.1. 
ENVI-met is a three-dimensional computer model which analyzes micro-scale thermal 
interactions within urban environments. This software uses both the calculation of fluid dynamics 
characteristics such as wind flow and turbulence as well as the thermodynamic processes taking 
place at the ground surface, at walls and roofs or at plants. The model is able to simulate various 
complex urban geometric forms such as overhead galleries, balconies, open breezeways, or 
high-rises.  
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4.5.1 Use for Phoenix, Arizona: 
The calculations are performed for typical summer conditions in Phoenix, Arizona 
(Latitude: 33° 30', North, Longitude: 112° 05', West) based on field data measurements collected 
at various urban areas in Phoenix. The research is quantitatively evaluating the human thermal 
comfort based on the existing architecture and site layout. Based on the simulation output, 
recommendations are given for appropriate use of shading, materials, street geometry, 
orientation street canyon proportions and orientation. Particular attention is given to the use of 
vegetation/landscape strategies. 
The simulation results as well as the on-site measurements, confirm the main role of the 
Mean Radiant Temperature (Tmrt) radiation fluxes in the summer. Most of the heat absorbed by a 
person standing in an outdoor condition is via direct solar radiation. However, the second most 
significant factor in the person’s heat gain outside is the radiation received from the surrounding 
hot surfaces. This fact alone indicates the primary importance of shading as the most important 
approach for attempting to reach any type of thermal comfort in a hot arid setting. The ambient air 
temperature and wind speed are secondary factors when compared to Tmrt. Landscaping can be 
a major strategy to reduce the pedestrian’s exposure to irradiated wall and ground surfaces 
thereby reducing the MRT effect on the thermal comfort. ENVI-met takes into account all types of 
radiation (direct, diffuse, and reflected) and calculates the mean radiant temperature with a good 
degree of accuracy.  
4.5.2 Basics of the ENVI-Met Environmental Model 
ENVI-met is a three-dimensional non-hydrostatic model that simulates surface-plant-air 
interaction and analyzes small-scale interactions between building surfaces and plants. ENVI-met 
has a horizontal resolution from 0.5 to 10 m and a typical time frame of 24 to 48 hours with a time 
step of 10 sec at maximum. (Bruse 2013) On a micro-scale level the model simulates the 
following: 
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 Shortwave and long-wave radiation fluxes (direct, diffuse and reflected) and takes into 
account shading, reflection and re-radiation from horizontal and vertical surfaces and the 
present vegetation.  
 Vegetation’s sensible heat flux, transpiration, and evaporation including all plant physical 
parameters such as the photosynthesis rate.  
 Wall and Surface temperatures. 
 Simulation of wind speed and 3-dimensional turbulence.  
 Internal soil system water-and heat exchange.  
 Calculation of Mean Radiant Temperature. 
 Simulation of the Predicted Mean Vote (PMV) –Value.  
 Dispersion of inert gases and particles including sedimentation of particles at leafs and 
surfaces. 
 Simulate the complete coupled climate system including fluid mechanics, 
thermodynamics, and pollutant dispersion. (Bruse 2013) 
 
Figure 4.4: Basic data structure of ENVI-met (Source: Bruse 2013) 
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ENVI-met has two basic steps before the simulation is run. The first is editing the input of the 
urban area to be tested. For this task, one needs the horizontal and vertical dimensions of the 
architectural environment along with any specific design features such as open breezeways, 
overhangs, horizontal surface materials, ground cover, vegetation size and coverage, etc. 
 
 
Figure 4.5: Basic layout of the fluid dynamics of the ENVI-met model. (Source: Bruse 2013) 
The input is designed in a 3D setting where the buildings, trees/vegetation, and the 
various surfaces are placed. These elements are represented by various size grid cells. The 
smaller the cell is, the finer the resolution (as small as 0.5 meter). The cell area can be 
designated at any dimension from 0.5 meters to 10 meters. For example, a 100 x 100 meter area 
can be represented in a 100 x 100 grid cells of 1 x1 meters each, or it can be represented by a 20 
x 20 grid cells with 5 x5 meters each, depending on the size of the test area and the desired 
resolution. (Bruse 2013)  
The second step is editing the configuration file, where the information about the site 
location, temperature, wind speed, humidity, PMV parameters, and databases for soil types and 
   67 
vegetation are entered. The simulation is then processed using both the input and configuration 
files. The output data then has to be imported and visualized in LEONARDO 3.75. 
 
4.5.3 Visualization of ENVI-met results using LEONARDO V3.75 software 
ENVI-met outputs binary files (.EDI/.EDT) which have to be imported into a visualization 
program - LEONARDO 3.75 Once the ENVI-met output file is imported into Leonardo, each file 
has a multitude of information which has to be translated into different layers in Leonardo. The 
following main layers are typically used to visualize the output data:  Data layer:  Displays 
continuous data (e.g. temperatures) Special:  Displays singular data (e.g. buildings, plants), 
Vector:  Displays vectors such as wind. 
Figure 4.6: Example of Leonardo’s wind speed and turbulence visualization graphic (Source: By 
author) 
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4.5.4 ENVI-met Simulation Limitations 
ENVI-met however has certain limitations. The tools to create the urban environment are 
limited to buildings, soils/pavement materials and trees/vegetation. There are no tools to create 
any other objects such as shade structures independent of the building blocks. Another significant 
limitation is that the building blocks have no thermal mass and only a single simulate fountains or 
water spray type systems. Water bodies are inputted as a type of soil, and the processes are 
limited to the transmission and absorption of shortwave radiation (Bruse 2013). Furthermore, the 
albedo and thermal resistance of the building surfaces is constant and cannot be varied 
(Emmanuel & Fernando 2007). The simulations can take a long time, depending on the 
complexity of the modeled environment, typically between 12-24 hours. Since the software is not 
very stable, it frequently crashes, necessitating a re-simulation of many of the tested scenarios.  
Some of the results also exhibit certain patterns of discrepancy with collected data. The software 
tends to under-predict temperatures, especially in the first 24 hours of simulated time.  Some of 
the simulation output discrepancies can also be attributed to the fact it is not capable to account 
for regional scale exchanges that affect the model area microclimate (Chow et al. 2011). Chow et 
al. (2011) has assessed ENVI-met’s simulation output against measured collected data, and 
concluded that the model‘s accuracy was adequate spatially as well as temporally. Therefore, 
despite these shortcomings, ENVI-met remains the most comprehensive tool that combines many 
of the factors involved in outdoor comfort. With proper input of the initial data and understanding 
the limitations, the software does represent the pattern of temperature indices in a complex urban 
environment.    
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CHAPTER 5 
RESULTS OF SIMULATIONS 
The two cases that will be directly compared are the City of Phoenix and the 
Renaissance Square Plazas. These are two urban spaces along Washington Street in downtown 
Phoenix one block apart. The Renaissance Square Plaza is an urban space oriented to the north, 
with the main building blocks situated on the southwest, and thereby shading it from the afternoon 
sun. The City of Phoenix plaza on the other hand, is oriented to the south and is insolated for 
most of the day until late afternoon when the plaza gets the shade of the City Hall building located 
on the Western portion of the site. This will be contrasted with the Sidney P Osborn multifamily 
residential site located South of Van Buren Street and East of 17th Street. 
Outdoor pedestrian thermal comfort is location specific. As the pedestrian moves through 
the urban space/street, his/her body’s exposure (view factor) to radiating surfaces changes with 
the movement. At any point along the path of the pedestrian movement, or if they are stationary, 
(sitting on a bench, standing in the shade of a tree, dining at an outdoor patio, etc.) an 
assessment can be made of their comfort level at that particular location by determining the 
Operative Temperature (To), and Standard Effective Temperature (SET). The Standard Effective 
Temperature (SET) index was chosen as the standard benchmark to set the goals for the outdoor 
thermal comfort in the space. It was deemed the most appropriate way of comparing thermal 
comfort and accounting for a broad range of environmental conditions. SET uses Operative 
Temperature (To) which is an average of ambient (Ta) and mean radiant temperature (Tmrt) 
weighted by air velocity and activity level to provide a dynamic equivalent index (Bryan 2001). 
Per Bryan (2001), the SET temperatures can then used to identify the human thermal 
response for that condition by comparing it to the conditions listed in Table 4. Prolonged exposure 
to a SET of over 95 ºF (35 ºC) has been reported to expose a person to the danger of heat stroke 
(Bryan 2001). Therefore, a SET of 95 ºF (35 ºC) will be used as the maximum threshold of 
thermal comfort in the case studies at hand.  
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Table 5.1: Response to SET temperature. Source: Bryan 2001 from Gagge, A. P., Nishi, Y. and 
Gonzalez, R. R. Standard Effective Temperature- a single index of temperature sensation and 
thermal discomfort. In proceedings of the CIB Commission W45 (Human Requirements) 
Symposium at the Building Research Station, 13th-15th September, 1972. Building Research 
Establishment Report 2. HMSO, London, 1973, 229-250. 
 
 
Evaluation will be made relating to the optimization of the role of vegetation in lowering 
the ambient temperature Ta , the mean radiant temperature Tmrt, and surface temperature Tsurf. 
Since the surface temperatures are the main factor in affecting the pedestrians’ thermal comfort, 
there is a need to understand the relationship between the urban pavement materials’ pattern of 
gaining heat while insolated during the day, and then radiating the stored energy back to the night 
sky based on the type of vegetative cover. While extensive tree canopy is beneficial for providing 
daytime shade for pedestrians, it may reduce the pavement surfaces’ sky-view factor during the 
night, thereby reducing the rate of nighttime radiation to the sky and trapping the heat gained 
within the urban materials.  
The intuitive solution for outdoor comfort is shading the urban surfaces to reduce their 
temperature, and decreasing the Tmrt affecting pedestrians at any given moment in time. 
However, these surfaces also have to be able to discharge their stored energy at night, so they 
can aid in the pedestrian comfort the next day. Therefore, if the surface is shaded on a given day, 
but not allowed to discharge its stored energy efficiently because of a physical or natural 
overhead plane obscuring its sky view, its surface temperature will rise much faster because the 
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heat would have been largely trapped underneath the canopy. Therefore, the research question 
posed regarding this situation is whether it would be more beneficial to use high LAD (Leaf Area 
Density) tree species, for a more opaque shade, even though it does decrease the sky view 
factor of the pavement underneath, or to use low LAD tree species that, while not providing as 
dense/opaque shade, allows the pavement to radiate its stored heat to the sky in a (albeit slightly) 
more efficient manner. Ideally, the pavement should be fully shaded during the day, and the 
shade removed completely at night. Therefore, specific locations were selected in each case 
study to represent the typical spaces pedestrians experience as they use the space. 
During the Phoenix Urban Form project, climatic data was collected in numerous sites 
around the Phoenix downtown (see more detail on this in Chapter 3). Combined with the fish-eye 
photography, specific climate data was collected such as: solar radiation via a pyranometer, 
mean radiant temperature via a black globe sensor, dry-bulb temperature and relative humidity 
using a HOBO® data loggers place within a solar radiation shield, wind speed using an 
anemometer, and surface temperatures using Infrared (spot) thermometer. Most of the 
measurements were taken on average between the hours 11:00 AM to 2:00 PM covering the 
lunch hour which is typically the time of the most intensive outdoor activity. To a lesser extent 
measurements were taken in the early morning (7:00am -9:00am) and late afternoon through the 
evening (5:00pm – 9:00pm).   
The simulations were run using the micro-scale urban climate model ENVI-met® version 
3.1. Numerical simulation models are advantageous when testing UHI mitigation scenarios as 
opposed to field measurements. Using these models allows testing various potential scenarios 
relatively fast making them preferred tools in urban climatology (Arnfield 2003). ENVI-met is 
a three-dimensional microclimate model with the purpose of simulating surface-plant-air 
interactions in an urban environment. As discussed in more detail in Chapter 4, the software 
simulates an urban environment modeling of soils, surfaces, buildings and vegetation within an 
urban climatic context. The ENVI-met® software, developed by Dr. Michael Bruse of the 
Environmental Modelling Group Institute of Geography at the University of Mainz in Germany, 
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has been assessed in past literature as a micro-scale simulation model with fine temporal 
resolutions, and one of the only micro-scale computational fluid dynamic models capable of 
analyzing human thermal comfort in an urban environment with a robust vegetation heat 
exchange capabilities, and resolutions as detailed as 0.5m x 0.5m (Bruce 2013). The ENVI-met® 
software uses input values for buildings, vegetation, ground surfaces, climatic conditions, soils, 
and then simulates the modifications from the proposed building form, additional shading, 
alternative orientations, etc.  
measured vs simulated Ta at City of Phoenix Plaza June 8, 2007
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Figure 5.1: Comparison of ENVI-met simulation with observed data on June 8, 2007 
 
Figure 5.1 compares the measured data to the ENVI-met simulations results and Sky 
Harbor weather station ambient air temperatures on June 8, 2007. The simulation data seem to 
over-predict the air temperature at night (the average absolute difference during 06:00 am on 
June 8, 2007 to 05:00 am June 9, 2007 = 1.03 °C). This pattern was mentioned in numerous 
research publications using the ENVI-met software (Lahme, Bruce 2003, Toudert 2005, 
Emmanuel and Fernando 2007, Chow et al. 2011) concluding that ENVI-met reproduces 
measured data with adequate accuracy, and is a dependable tool in simulating various urban 
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scenarios. Emmanuel and Fernando (2007) pointed out that one reason for the discrepancies not 
considering regional exchange processes such as a nearby large body of water (ocean). Chow 
(2011) also mentioned this issue in his research regarding the effect of a nearby park.  
ENVI-met has two basic steps before the simulation is run. The first is editing the input of 
the urban area to be tested. For this task, one needs the horizontal and vertical dimensions of the 
architectural environment along with any specific design features such as open breezeways, 
overhangs, horizontal surface materials (e.g. concrete, asphalt), ground cover (e.g. bare soil, 
grass), vegetation size and coverage. The input is designed in a three dimensional setting where 
the buildings, trees/vegetation, and the various surfaces are placed. These elements are 
represented by various size grid cells. The smaller the cell is, the finer the resolution. The cell 
area can be designated at any dimension from 0.5 meters to 10 meters. For example, a 100 x 
100 meter area can be represented in a 100 x 100 grid cells of 1x1 meters each, or it can be 
represented by a 20 x 20 grid cells of 5 x5 meters each, depending on the size of the test area 
and the desired resolution. (Bruse, 2013). The second step is editing the configuration file, where 
the information about the site location, temperature, wind speed, humidity, and links to databases 
for soil types and vegetation are entered. The simulation is then processed using both the input 
and configuration files. The ENVI-met® outputs binary files (.EDI/.EDT) which have to be imported 
into a companion visualization program – LEONARDO 3.75. Each output file has a multitude of 
information which has to be translated into different layers in Leonardo. The following main layers 
are typically used to visualize the output data: 
 Data layer: Displays continuous data (e.g. temperatures) 
 Special: Displays singular data (e.g. buildings, plants) 
 Vector: Displays vector information  such as wind (x and y components) 
Visualization is then configured to display the urban environment with the desired section 
of data cut horizontally (plan view), vertically (section view), or in a 3-D axonometric view. For the 
purposes of this study, an enhanced local vegetation database values were used to simulate 
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existing and proposed scenarios instead of the model defaults, including customized LAD (leaf 
area density) of typical trees and plants used locally in Phoenix (see Table 3).  
The sizes of the urban study areas were similar, model grid cell selected was (2 x 2 x 8 m 
– due to the height of the buildings), and the overall model environment size was at 63 x 63 x 30 
cells. For the Sidney P Osborn residential site, the model grid cell size selected was (3 x 3 x 2 m), 
and the overall model environment size was at 80 x 80 x 25. Nesting was determined at 10 grids 
for more stability while running. The local configuration file contains local initialization 
meteorological input, building data (wall/roof albedo, inside temperature, heat transmission of the 
walls W/m2K), including initial temperature, wind speed and direction, specific and relative 
humidity, and initial temperature and humidity of soil layers.   
The input data were obtained from field collected data during the Phoenix Urban form 
project collected over two summers (June – September) in 2006 and 2007. The simulations of 
each scenario were run for 24 hours updating the output data every hour starting from 6:00.  
The simulated output data was compared to the field data for model evaluation. The 
focus was on data during that corresponded with the field collected data, mainly between 10:00 
am and 5:00 pm. The two main comparisons were the ambient temperature and mean radiant 
temperatures. It was found that the simulated data were typically lower for the daytime 
temperatures (both ambient and mean radiant temperatures). The ambient temperature, between 
10:00am and 12:00pm was on average lower by 9 ºF (5 ºC), and between 1:00 pm to 5:00 pm by 
5 ºF (2.8 ºC). It has been extensively cited in past use of the ENVI-met model that in addition to 
underestimating the daytime temperatures, it also overestimates the nighttime temperatures 
(Toudert 2005, Emmanuel and Fernando 2007; Chow et al. 2011). However, they all concluded 
that with proper input of the initial data, and understanding the limitations, the software does 
represent the pattern of temperature indices in a complex urban environment. Despite all its 
shortcomings, ENVI-met remains the most comprehensive tool that combines many of the factors 
involved in outdoor comfort.   
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5.1 City of Phoenix Plaza and the Renaissance Square Plaza Case Studies 
The following locations were selected for the City of Phoenix Plaza located at 200 West 
Washington Street in Phoenix, Arizona:  
Table 5.2: List of City of Phoenix Plaza locations studied. 
No. Location – 
description and 
coordinates 
Sky 
View 
factor 
(exist) 
Ground 
surface 
material 
 
Distance to 
buildings-
vertical 
surfaces 
Distance to 
vegetation-
trees, low 
veg. 
% of 
vegetation  
surrounding 
grids*  
1 Bare condition with no 
shade from adjacent 
buildings or vegetation 
– sidewalk 2 meters 
from Washington 
Street (36,3) 
0.82 Concrete 26 meters 
to the north 
10 meters to 
the north 
0% 
2 Stationary location 
under a tree (52,35) 
0.00115 Soil 8 meters to 
the east 
and 12 
meters to 
the west 
Immediately 
under a tree 
 
77% 
3 Stationary location 
under an overhead 
architectural shade 
(62,32) 
0.22 Concrete 6 meters to 
the north 
and 8 
meters to 
the south 
10 meters to 
the west 
0% 
4 Seating area close to 
the decorative water 
pool and shaded by a 
mesquite tree (47,20) 
0.21 Concrete 20 meters Immediately 
under a tree 
 
56% 
5 Eastern entry point 
into the building – un-
shaded –(43,30) 
0.28 Concrete Immediately 
adjacent to 
building. 
2 meters to 
the east and 
south. 
11% 
* 9 grids, 36 SM at 2m resolution each. 
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Figure 5.2: City of Phoenix Plaza study area showing locations studied. Image Source: Google 
Maps.  
 
 
 
Figure 5.3: City of Phoenix Plaza study street view at Location 1.  Image Source: Google Maps – 
Street view. 
 
The following locations were selected for Renaissance Square Plaza located between 
Washington Street and Adams Street West of Central Avenue in Phoenix, Arizona:  
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Table 5.3: List of for Renaissance Square Plaza locations studied. 
No. Location – description 
and coordinates 
Sky 
View 
factor 
(exist)
Ground 
surface 
material 
 
Distance to 
buildings-
vertical 
surfaces 
Distance to 
vegetation-
trees, low 
veg. 
% of 
vegetation  
surrounding 
grids*  
1 Bare condition with no 
shade from adjacent 
buildings or vegetation 
– sidewalk 2 feet from 
Central Avenue (58,55) 
0.82 Concrete 12 meters 
to the 
Southwest 
20 meters to 
the West 
0% 
2 Stationary location 
under a tree (35,51) 
0.095 Soil 10 meters 
to the west 
and 8 
meters to 
the east 
Immediately 
under a tree 
 
89% 
3 Stationary location to 
the west of the 
restaurant building 
(46,47) 
0.20 Concrete Immediately 
adjacent to 
building. 
16 meters to 
the west 
0% 
4 Seating area close to 
the decorative (inactive) 
water pool and shaded 
by a tree (43,37) 
0.20 Concrete 20 meters 
to the South
Immediately 
under a tree 
 
75% 
5 Eastern entry point into 
the building – un-
shaded –(29,46) 
0.10 Concrete Immediately 
adjacent to 
building. 
8 meters to 
the east. 
0% 
9 grids, 36 SM at 2m resolution each. 
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Figure 5.4: Renaissance Square Plaza study area showing locations studied. Image Source: 
Google Maps.  
 
 
Figure 5.5: Renaissance Square Plaza street view at Location 1.  Image Source: Google Maps – 
Street view. 
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5.1.1 Ambient Temperature – Existing Scenarios at the City of Phoenix and the 
Renaissance Square Plazas 
Figure 33 shows the air temperature Ta over the course of the day at the five locations 
selected as simulated by ENVI-met. The ambient temperature simulated ranges between 83 °F  
(28.3 °C) and 95 °F (35 °C) at the City of Phoenix Plaza, and between 73 °F (22.8 °C)and 83 °F 
(28.3 °C) at the Renaissance Square Plaza. This is within the average range for Phoenix in June 
(78.1 °F (25.6 °C) to 104.0 °F (40 °C) according to the Western Regional Climate Center data.  
Overall, the pattern showed a steady rise of the ambient temperature from the morning 
hours until about 2:00pm-3:00pm when it started to decrease. It is important to realize the effect 
of the local points where the temperatures were recorded. The City of Phoenix Plaza had overall 
higher temperatures probably due to its orientation facing south, and being irradiated for most of 
the day. The Renaissance Square Plaza location on the other hand, faces north east, and is 
mostly in shade from the early afternoon, as an effect of the two towers located on the south and 
the west of the site. The sun impacts the eastern side in the morning, and after 11:00 am, it only 
gets through the gaps between the towers in the early afternoon. This is reflected in a more 
stable rise of the ambient temperature in this particular microclimate.    
The locations that are irradiated by the sun, and have therefore, higher surface 
temperatures show higher ambient temperature readings as opposed to the locations in the 
shade (whether by building or vegetation). Night ambient temperatures are naturally more stable 
in the absence of the direct sun. The ambient temperature is also stratified and varies with height. 
The readings shown were taken at 1.7 meter height (about 5’-6”). 
   80 
Ta - COP Plaza
75.00
80.00
85.00
90.00
95.00
100.00
10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time
Ta
 ◦F Loc.1
Loc.2
Loc.3
Loc.4
Loc.5
 
Ta - Renaissance Plaza
75.00
80.00
85.00
90.00
95.00
100.00
10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time
Ta
Loc .1
Loc .2
Loc .3
Loc .4
Loc .5
 
Figure 5.6: Comparison of simulated ambient temperature (Ta) at both the COP Plaza and the 
Renaissance Square Plaza between 10:00 am and 5:00 pm on the same day for the locations 
shown. 
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Figure 5.7: Comparison of simulated mean radiant temperature (Tmrt) at both the COP Plaza and 
the Renaissance Square Plaza between 10:00 am and 5:00 pm on the same day for the locations 
shown. 
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5.1.2 Mean Radiant Temperature – Existing Scenarios at the City of Phoenix and the 
Renaissance Square Plazas 
The Mean Radiant Temperature (Tmrt) is directly related to direct solar exposure. One 
reason is that the surface temperatures of the spaces that are exposed to the sun rise rapidly, 
and emit long wave radiation onto the pedestrians. Additionally, ENVI-met® includes the direct 
radiation in its assessment of MRT. This explains the wide variations in the output values of the 
simulation shown in Figure 34, since the simulated mean radiant temperature is the sum of all 
radiation (both short-wave and long-wave).  While, both short-wave and long-wave radiation 
affect the thermal comfort of pedestrians, from a comfort perspective, it is obvious that the first 
step is to limit the pedestrian’s prolonged exposure to the direct sun, whether via an architectural 
shade or a vegetative shade. Once this is done, the next step would be to assess the optimal 
methods to cool down, or block the view, of the surrounding surfaces onto the pedestrians. The 
surface temperatures however, are a good indication of Tmrt .  
The highest Tmrt output of 166 ºF (74.4 ºC) is at Location 1 at both the City of Phoenix 
Plaza and the Renaissance Square plaza. In both cases the location is exposed (un-shaded), 
paved with concrete, and close to the asphalt of the adjacent street. This mean radiant 
temperature occurs at Location 1 at the City of Phoenix Plaza at 3:00pm. At the Renaissance 
Square Plaza, the 166 ºF (74.4 ºC) temperature occurs late in the afternoon when the location is 
exposed to the late afternoon sun. It does, however, approach that temperature in the morning as 
well, when the corner of Adams and Central is fully irradiated.   
The Tmrt decreases substantially after sunset as surfaces are not exposed to direct solar 
radiation. However, at night Tmrt remains fairly high (between 60 ºF (15.5 ºC) and 70 ºF (21.1 ºC) 
caused by the stored heat released by the various surfaces. The significance of Tmrt ,and the 
effect of the surface temperature of surrounding planes has been documented in the majority of 
the research in the field (Bryan 2001, Chalfoun 2001, Pearlmutter 1999, Santamouris 1999). This 
was also apparent in the research done as part of the Phoenix Urban Form Project discussed in 
Chapter 3. The fish eye lens photography analysis indicates the significance of the surrounding 
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ground and vertical built surfaces. The analysis shows that approximately 40% of the long-wave 
radiation affecting the pedestrians is from the ground plane alone. This emphasizes the need to 
lower the temperature of the urban surfaces not only by shading, but also by allowing these 
surfaces to discharge their stored heat to the night sky and start cooler the next morning.  
In addition to under-predicting the daytime and over-predicting the nighttime 
temperatures, the ENVI-met® Tmrt  data lack the input of vertical building surfaces because the 
current version of the software does not simulate the behavior of vertical wall building materials. It 
only assumes a single, generic material for all building surfaces with a single internal temperature 
and no heat storage (or emission) capabilities. This was noted extensively in previous published 
research work (Bruce 2008, Chow 2011, Emmanuel & Fernando 2007, Toudert 2005).    
 
5.1.3 Thermal Comfort Analysis– Existing Scenarios at the City of Phoenix and the 
Renaissance Square Plazas 
The outdoor space geometry, sky view factor and orientation are mainly responsible for 
the extent of exposure to the direct sun the pedestrians endure during the day in the urban space. 
These same factors, along with the materials’ heat capacity, also affect the horizontal and vertical 
surfaces in terms of how much heat they absorb and re-radiate over the course of the 24 hour 
cycle.  In the City of Phoenix Plaza case, the entire paved south side of the plaza (along 
Washington Street) is exposed to direct solar radiation until the late afternoon when the City Hall 
Building’s shadow is cast on that area. The center of the plaza however, is mostly in shade, as it 
is flanked by buildings on both sides. It does get briefly irradiated by the sun in the early afternoon  
(3:00pm – 5:00pm) through gaps in the buildings on the West. 
The ambient temperature rises steadily through the day, and is not affected by the 
location as much as the Tmrt which varies significantly depending on the location. The locations 
where the pavement surfaces are irradiated during particular times of the day show increased 
Tmrt, which then show a decrease once the location becomes shaded by the building or 
vegetation. Previous studies consistently show that Ta has a relatively steady curve during the 
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day, which is confirmed by the results of the ENVI-met® simulation. However, there may be an 
underestimation of the simulated temperatures close to the vertical surfaces likely due to the grid 
resolution (1-2 meters), and therefore the readings are not reflective of air closely adjacent to the 
building surfaces. 
The Renaissance Square Plaza is in shade for most of the day, except for early morning 
and late afternoon. This orientation and geometry/massing is important to assess as it creates 
two different microclimates within the City one block apart. It also helps in understanding the 
simulated data related to the thermal comfort criteria.     
The data shown clearly demonstrate that pedestrian thermal comfort is location specific. 
The importance of the orientation and the location is evident in the significant difference between 
the evaluated spaces that are exposed to direct sun for extended periods of time (e.g. Location 1 
at both the City of Phoenix Plaza and the Renaissance Square Plaza in both cases), and spaces 
that are shaded for most of the day (e.g. Location 2 and 4 at both the City of Phoenix Plaza and 
the Renaissance Square Plaza).  
Based on the output, the outdoor comfort analysis or the Standard Effective Temperature 
(SET) for the five simulated locations at the City of Phoenix Plaza site at 2:00pm (highest Ta 
during the 24 hour simulation cycle) was as follows: 
 Location 1 (exposed pavement sidewalk by Washington) –  119 ºF (48.3 ºC)  
 Location 2 (middle of plaza under a tree) –  87 ºF (30.6 ºC) 
 Location 3 (under an overhead architectural shade) –  90 ºF (32.2 ºC) 
 Location 4 (seating by water feature and under tree shade) -  88 ºF (31.1 ºC) 
 Location 5 (un-shaded eastern entry into the building) -  94 ºF (34.4 ºC) 
The outdoor comfort analysis or the Standard Effective Temperature (SET) for the five 
simulated locations at the Renaissance Square Plaza site at 2:00pm (highest Ta during the 24 
hour simulation cycle) was as follows: 
 Location 1 (exposed pavement sidewalk by Central) –  118 ºF (47.8 ºC) 
 Location 2 (West side of plaza under a tree) –  80 ºF (26.7 ºC) 
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 Location 3 (behind restaurant building-no shade) –  84 ºF (28.9 ºC) 
 Location 4 (seating South side of plaza under tree shade) -  82 ºF (27.8 ºC) 
 Location 5 (un-shaded eastern entry into the building) -  83 ºF (28.3 ºC)  
From the results for the Southern oriented City of Phoenix Plaza the worst thermal 
comfort conditions are at Location 1 (un-shaded concrete sidewalk along Washington). Prolonged 
exposure to a SET of 119 ºF (48.3 ºC ) would result in heat stress. On the other hand the best 
conditions for comfort were at Locations 2 and 4, where shade was provided by tree canopy. 
Additionally Location 4 was adjacent to a large grass planter area and a pool of water. These 
“ground” surfaces decreased the exposure of the pedestrian to high temperature radiating 
surfaces, and aid in lowering the SET temperatures. The condition under the architectural shade 
showed a marked improvement over the un-shaded sidewalk (Location 1), however, the SET 
temperature of 90 ºF (32.2 ºC ) is still higher than the locations shaded by vegetation. The 
architectural shading scenarios have limitations in ENVI-met® simulation because of the inability 
of the model to simulate specific materials. The conditions would vary depending on the material 
of the shade from concrete to metal or fabric. Comparing the simulated data with the site 
measured data, the simulation results consistently showed lower temperatures during the daytime 
and higher during the night as cited in a number of previous studies performed in the Phoenix 
area (Emmanuel and Fernando 2007, Chow et al. 2011). It is possible that since the model does 
not employ a TMY (Typical Meteorological Year) data like other simulation software solutions, it 
may be underestimating the average temperatures and the diurnal temperature swings that are 
specific to the Phoenix geographic area. 
However, despite these discrepancies, numerous studies concluded that the ENVI-met® 
simulated output generally exhibited acceptable conformity with the patterns with site measured 
data (Toudert 2005, Chow et al. 2011). The known limitations, mainly the lack of heat storage in 
vertical architectural surfaces, and influence of the macro-scale exchanges have to be taken into 
account when interpreting the simulation output data.  
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5.2 Sidney P Osborn Simulation Results Analysis 
 
Sidney P Osborn is a public housing site at 1720 East Adams east of the Phoenix 
downtown area. It is an urban low-income residential site, which is characterized by a more 
dense population and sparsely vegetated environment and consequently, exposed to higher 
temperatures. Even though the areas between the apartment buildings have some planted grass, 
there is a prevalence of hardscape surfaces represented by the large percentage of open asphalt 
parking lots and driveway alleys. The rest of the surfaces are concrete, including the basketball 
courts and parts of the playground.  
In their study published in 2006, Harlan et al. examined heat-related health inequalities 
within the City of Phoenix in an attempt to understand the relationships between the 
microclimates of various urban neighborhoods, population characteristics, and the resources 
available to deal with high heat climatic conditions. The study found that minority and lower-
income neighborhoods, typically in more densely populated and sparsely vegetated 
environments, were exposed to higher temperatures and consequently were much more affected 
by the high temperature related health risks. Resources for coping with extreme heat were 
severely limited in the neighborhoods with higher heat stress index. One of their conclusions was 
that there are significant variations in temperature between the neighborhoods, with the lower-
income neighborhoods being warmer for prolonged periods, and therefore exposing the residents 
to heat stress and other heat related health risks (Harlan et al. 2006). The large amount of 
asphalt and concrete at this site gives this site significantly higher thermal storage capacity and 
exposes the residents to higher surface temperatures. Additionally, there may be increased 
anthropogenic heat affecting the site from the nearby Interstate 10 running parallel to the complex 
two blocks to the east. The site also lacks amenities such as a community swimming pool limiting 
the residents’ options during extreme weather.  
It has been documented in Phoenix, that during extreme heat weather lasting several 
days, the temperatures in this type of neighborhood would remain high throughout the 24 hour 
cycle, giving the residents no relief even at nighttime (Harlan et al. 2006).  
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Table 5.4: List of Sidney P. Osborn Housing site locations studied. 
No. Location – 
description and 
coordinates 
Sky 
View 
factor 
(exist)*
Ground 
surface 
material 
 
Distance 
to 
buildings-
vertical 
surfaces 
Distance to 
vegetation-
trees, low 
veg. 
% of 
vegetation  
surrounding 
grids* * 
1 Concrete pad in the by 
children’s playground in 
the center of the 
complex (Kana Park) - 
(35,27) 
0.74 Concrete 8 meters to 
the North 
24 meters to 
the South 
0% 
2 Central parking lot 
(37,50) 
0.83 Asphalt 12 meters 
to the 
North. 
10 meters to 
the 
Northeast. 
 
0% 
3 Location between two 
apartment buildings 
oriented East-West by 
a large tree (37,60) 
0.37 Grass 4 meters to 
the North 
and 8 
meters to 
the South 
Immediately 
besides a 
tree 
 
40% 
4 North facing parking lot 
(37,70) 
0.85 Asphalt 20 meters 
to the 
South 
30 meters to 
the 
Northeast 
 
0% 
5 Location between two 
apartment buildings 
oriented North-South 
(12,50) 
0.58 Grass 4 meters to 
the East 
and 8 
meters to 
the West. 
10 meters to 
the South. 
0% 
*From Toudert (2005), the sky-view in ENVI-met is based on the “obstruction” (buildings, 
vegetation, etc.) in the model. The blocking of solar radiation is dependent on the percentage of 
viewed sky by any surface in the model according to:  
 360 σsvf =1/360Ʃ cos ω (π) 
 π=0 
** 9 grids, 36 SM at 2m resolution each. 
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Figure 5.8::Sidney P. Osborn Housing site study area showing locations studied. Image Source: 
Google Maps.  
 
 
 
Figure 5.9: Sidney P. Osborn Housing site study street view at Location 4.  Image Source: 
Google Maps – Street view. 
 
This low-income City of Phoenix housing site, in comparison to the two urban sites 
mentioned previously, has lower structures, less vegetation/trees, more exposed concrete and 
asphalt surfaces, and higher sky view factors. Therefore, it is much more vulnerable to higher 
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ambient, radiant and surface temperatures. This will inevitably translate into more negative 
thermal comfort for the residents.   
5.2.1 Ambient Temperature – Existing Scenario 
Figure 37 shows the air temperature Ta over the course of the day at the five locations 
selected as simulated by ENVI-met®. The ambient temperature simulated ranges between 83 °F 
(28.3 ºC) and 95 °F (35 ºC). The pattern showed a similar steady rise of the ambient temperature 
from the morning hours until about 2:00pm-3:00pm when it started to decrease, as it did for the 
two urban sites discussed previously.  
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Figure 5.10: Graph of simulated ambient temperature (Ta) at the Sidney P Osborn residential site 
between 10:00 am and 5:00 pm. 
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Figure 5.11: Graph of simulated mean radiant temperature (Tmrt) at the Sidney P Osborn 
residential site between 10:00 am and 5:00 pm. 
 
 
5.2.2 Mean Radiant Temperature - Existing Scenario 
The Mean Radiant Temperature (Tmrt) data for the Sidney P Osborn site has much higher 
temperatures across all locations than either of the two urban sites. The prevalence of exposed 
and irradiated asphalt and concrete surfaces raises the Tmrt temperatures to a range between 
127 °F (52.8 ºC ) and 175 °F (79.4 ºC ). The exception is Location 3 which is shaded by the 
South building in the morning (Tmrt= 83.9 °F (28.8 ºC ) at 10:00am). This only applies to locations 
North of the buildings that are mostly shaded in the morning. However, in the late afternoon, even 
these spaces are at 150 °F ( 65.6 ºC) Tmrt. Both urban sites studied had much lower Tmrt during 
the day, except for very open unobstructed areas of pavement at street intersections (the highest 
Tmrt of 166 ºF (74.4 ºC ) at Location 1 at both the City of Phoenix Plaza and the Renaissance 
Square plaza).  
At the Sidney P Osborn site the highest Tmrt of 175 ºF (79.4 ºC ) occurs late in the 
afternoon at 4:00pm, on a large concrete slab by the children’s playground. Despite the fact the 
playground equipment is shaded by a metal and fabric canopy, the environment outside of it, and 
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even the impact of the surrounding Tmrt, could have negative consequences on the residents. The 
asphalt parking lots run a close second at Tmrt = 166 – 167 ºF (74.4 -75ºC ). 
The Tmrt decreases substantially after sunset as surfaces are not exposed to direct solar 
radiation. However, at night Tmrt remains fairly high, between 65 ºF (18.3 ºC ) and 75 ºF (23.9 ºC ) 
caused by the stored heat released by the various surfaces. 
 
5.2.3 Thermal Comfort Analysis - Existing Scenario 
The outdoor space geometry, sky view factor and orientation of the site (24 of the 28 
residential buildings on the site are oriented along the North-South axis) contribute to the lack of 
shade between the buildings, and having the buildings exposed to the morning, as well as the 
late afternoon low sun angles. This orientation and the low rise of the buildings (two story ± 26’ or 
± 8 meters in height) allows the sun to irradiate most of the horizontal surfaces between the 
buildings at various times of the day.  
Based on the output, the outdoor comfort analysis or the Standard Effective temperature 
(SET) for the five locations at the Sidney P Osborn site at 2:00pm (highest Ta during the 24 hour 
simulation cycle) was as follows: 
 Location 1 (By children’s playground - Kana Park) –  120 ºF (48.9 ºC ) 
 Location 2 (Central Parking Lot) –  118 ºF (47.8 ºC ) 
 Location 3 (Between two buildings East-West orient.) –  108 ºF (42.2 ºC ) 
 Location 4 (North Parking lot) -  119 ºF (48.3 ºC ) 
 Location 5 (Between two buildings North-South orient.) -  108 ºF (42.2 ºC ) 
 
From the results above, all the locations on the site have a SET significantly above 95 ºF 
(35 ºC ), which could cause serious health issues for the residents if exposed for prolonged 
periods.   
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5.3 Proposed Landscaping Scenarios – Sidney P Osborn 
As mentioned previously, much of the existing literature on the subject cites intensive tree 
planting as the main UHI mitigation strategy. However, this approach does not clearly 
demonstrate whether the tests/simulations took into account numerous factors needed to quantify 
the thermal comfort benefits such as reduced sky view factor, the tree species, tree configuration, 
combination of trees, vegetative ground cover, water usage/irrigation to aid evapotranspiration, 
differences in effect between applications at the urban core and applications in urban residential 
areas. If the goal is to lower the nighttime surface temperatures and reduce the negative effects 
on the pedestrian environment, then further study is needed on optimizing and quantifying the 
effects of application of vegetative cover and urban forestry in terms of size, density, 
configuration, location, irrigation and maintenance.   
To test how effective additional landscaping would be, two proposed vegetation 
scenarios were simulated. One scenario added high LAD, high water usage trees such as Aleppo 
Pine, African Sumac and Sour Orange to specific locations on the site, and the other added low 
LAD, low water usage trees such as Mesquite, Blue Palo Verde and Mexican Palo Verde. The 
locations to add trees were selected based on the simulation results of the existing site 
components. Therefore, the areas with the highest ambient Ta and mean radiant temperatures 
Tmrt, were selected for proposed tree locations (see Figure 39). The proposed locations for the 
new trees were the same for the low LAD and high LAD scenarios, so a comparison can be made 
between the effectiveness of the different species and LAD’s.  
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Figure 5.12: Sidney P. Osborn site proposed landscape scenarios: Clockwise from top left: 
Existing site plan with locations tested, simulated Tmrt output map at 2:00pm for the existing site 
plan, low LAD proposed scenario, high LAD proposed scenario.  
 
As the simulation results of the existing site situation shows, the worst spaces in terms of 
Ta and Tmrt and the bare asphalt parking lots and the large concrete slabs by the playground. The 
spaces between the apartment buildings also show elevated Tmrt, and therefore higher SET 
temperatures, probably due to the buildings’ low height and orientation (long axis running north-
south) and thereby receiving high solar radiation through most of the day. 
In both scenarios, the central parking lots were heavily planted with trees. In the high 
LAD scenario, large trees (e.g. Aleppo Pine) were planted to the south and west of the residential 
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building and open concrete areas so they cast long shadows in the early morning and late 
afternoon on the open surfaces. In the low LAD scenario, trees such as Mesquite, Mexican Palo 
Verde and Blue Palo Verde were planted in the same locations.    
 
5.3.1 Ambient Temperature and Mean Radiant Temperature Reduction – Proposed 
Landscaping Scenarios- Sidney P Osborn 
In both the high LAD and low LAD planting scenarios,  the ambient temperature drops on 
average by 2 ºF(1.1 ºC ) in the high LAD scenario and by 0.9 ºF (0.5 ºC ) in the low LAD scenario, 
however the degree of reduction in Ta varied significantly across the five locations selected 
between 10:00am and 5:00pm. There were locations where the Ta showed an increase. Location 
3 for example, shows an increase in Ta at 10:00 am in both scenarios. This location had the 
existing Southern Oak and Mesquite trees (relatively higher LAD) replaced with low LAD Blue 
Palo Verde trees (7.5 meters high) in the low LAD scenario, and with high Aleppo Pine trees (21 
meters high) in the high LAD scenario. In the high LAD scenario, this probably allowed early 
morning and late afternoon solar access because the Aleppo Pine trees’ crown is higher than 
lower trees, and allows the low sun access the space. The low LAD of the Blue Palo Verde’s 
crowns also allows more sun to get through that the higher LAD trees.      
Location 1 had a decrease in Ta in the high LAD scenario from 10:00 am through 2:00pm, 
when the Ta increased by 0.6 ºF(0.33 ºC ) only to decrease again by up to 0.8 ºF(0.44 ºC ) until 
5:00 pm. This location was a bare concrete slab that remained exposed in the planting scenarios, 
and the closest trees planted to it were about 9 meters to the west, shading the concrete 
basketball courts. The decrease in ambient temperature could be due to a number of reasons 
such as advection through the increased evapotranspiration of the proposed trees in its vicinity, 
or that the proposed trees have caused an increase in the wind velocity into the area. As 
discussed previously in chapter 4 regarding landscape/plant simulation, the vegetation in ENVI-
met is not treated just as an obstacle for radiation and wind, it has the ability to simulate the 
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tree/plant/landscape’s sensible heat flux, transpiration, and evaporation including all plant 
physical parameters interacting with their immediate environment.   
The greatest decrease of ambient temperature was shown for Location 2, which was an 
existing bare asphalt parking lot proposed to have a continuous row of trees running North-South. 
The data was therefore taken at the same point as in the existing scenario, and since that 
location is in full shade for most of the day, the data shows significant decrease in both Ta and 
Tmrt. However, it should be noted that the Ta decreased more in the high LAD scenario (by 4.8 ºF 
(2.7 ºC )) than in the low LAD scenario (2.5 ºF (1.4 ºC ). The Tmrt reduction was the same (68.1 ºF 
(37.8 ºC ). This indicates the prime importance of shade which causes the greatest decreases in 
Ta, Tmrt and Tsurf temperatures.  
Location 4 also showed a decreased Ta and Tmrt, but in a different pattern than location 2. 
Location 4 was also an existing asphalt parking lot, but in the proposed scenarios had two 
continuous rows of trees running North-South, and the point measured was in the exposed 
portion between the two rows of trees. This was done intentionally to assess the conditions in an 
open area flanked by vegetation. In the high LAD scenario, the Ta decreased by an average of 
3.1 ºF (1.7 ºC ) through the day, but more so in the morning and during the late afternoon. The 
Tmrt decreased marginally in the late morning to early afternoon hours (on avg. 5.9 ºF (3.3 ºC ), 
but more significantly in the late afternoon when the location was shaded by the western row of 
trees (by avg. of 66.6 ºF (37 ºC ). This was probably the case in the early morning as well 
(between 7:00am and 10:00 am) when the eastern row of trees shaded the area between the two 
rows.  In the low LAD scenario the decrease in Ta was on average 1.2 ºF (0.67 ºC ), and the Tmrt 
decreased 60.8 ºF (33.8 ºC ) in the late afternoon. This indicates that the more opaque shade of 
the high LAD trees improved the comfort, and reduced the temperatures slightly more than the 
low LAD trees.   
.          
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Figure 5.13: Comparison between simulated ambient temperature (Ta)reduction levels for the 
proposed high LAD and low LAD tree planting scenarios at the Sidney P Osborn site. 
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Figure 5.14: Comparison between simulated mean radiant temperature (Tmrt)reduction levels for 
the proposed high LAD and low LAD tree planting scenarios at the Sidney P Osborn site. 
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Finally Location 5, the existing space between two low (6 meters high ) residential 
buildings showed modest reduction in Ta in the high LAD scenario (0.2 ºF (0.11 ºC )) on average, 
and no significant Ta change occurred in the low LAD scenario. The Tmrt reduction in the high 
LAD scenario was 5.9 ºF (3.28 ºC ) on average, and about the same (6 ºF (3.3 ºC )) in the low 
LAD scenario. This is probably due to the height of the vegetation used in both scenarios. In the 
high LAD scenario, African Sumac trees (8.25 meters high LAD=4.39) were located to the south 
of the open space between the buildings, and in the low LAD scenario, Blue Palo Verde trees (7.5 
meters high LAD=1.85) were used in the same location. The low height of the trees proposed 
(slightly taller than the buildings) allowed the sun to access the space in a similar manner to the 
existing condition. The most significant reduction in Tmrt in this space was after 5:00pm when the 
low afternoon sun was blocked by the building mass more than anything else. It would have been 
more effective to use a larger/taller tree such as the Aleppo Pine (height of 21 meters, LAD=2.68) 
which would have cast a longer fuller shadow on the space. Alternatively, more smaller trees 
could be planted in the space itself to provide more localized shade 
 
5.3.2 Thermal Comfort Analysis – Proposed Landscaping Scenarios- Sidney P 
Osborn 
The outdoor space geometry, sky view factor and orientation of the site (24 of the 28 
residential buildings on the site are oriented along the North-South axis) contribute to the lack of 
shade between the buildings, and having the buildings exposed to the morning, as well as the 
late afternoon low sun angles. This orientation and the low rise of the buildings (two story ± 20’ or 
± 6 meters in height) allows the sun to irradiate most of the horizontal surfaces between the 
buildings at various times of the day.  
Based on the output of the proposed landscape scenarios, the outdoor comfort analysis 
or the Standard Effective temperature (SET) for the five locations at the Sidney P Osborn site at 
2:00pm (highest Ta during the 24 hour simulation cycle) was as follows: 
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 Location 1 (By children’s playground - Kana Park) – the existing SET temperature at 120 
ºF (48.9 ºC) remained at 120 ºF (48.9 ºC) for the high LAD scenario as well as for the low 
LAD scenario. The high LAD scenario had a slightly lower operative temperature though, 
(only by 0.53 ºF (0.29 ºC), not significant enough to affect the SET temperature. This 
location was a bare concrete slab that remained exposed, and only had trees planted to 
the west (starting 9 meters to the west), shading the concrete basketball courts. 
Therefore, the location did not improve.  
 Location 2 (Central Parking Lot) – the existing SET at 118 ºF (47.8 ºC) was lowered to 88 
ºF (31.1ºC) for the high LAD scenario, and roughly the same for the low LAD scenario. 
Again, The high LAD scenario had a slightly lower operative temperature (only by 0.04 ºF 
(0.2 ºC), not significant enough to affect the SET temperature. This location was a bare 
asphalt parking lot, and the location in the proposed planting scenarios was in full shade 
of trees located at the center of the parking area.  
 Location 3 (Between two buildings East-West orient.) – the existing SET at 108 ºF (42.2 
ºC) was lowered to 87.5 ºF (30.8 ºC) for the high LAD scenario, but only to 106 ºF (41.1 
ºC) for the low LAD scenario. This location already had some trees on the southwest 
side, but the difference was in that the high LAD scenario proposed high Aleppo Pine 
trees (21 meters high with nearly equal spread) as opposed to Blue Palo Verde trees (7.5 
meters high) for the low LAD scenario.  
 Location 4 (North parking lot) - ) – the existing SET temperature  at 119 ºF (48.3 ºC) was 
lowered to 92 ºF (33.3ºC) for the high LAD scenario, but only to 102 ºF (38.9 ºC) for the 
low LAD scenario. This location was an existing bare asphalt parking lot, however, the 
location measured was centered between two rows of trees and not in shade like the 
case was for Location 2. Additionally, in the high LAD scenario, African Sumac trees 
(8.25 meters high LAD=4.39) were located in two continuous rows running north-south in 
the parking lot, and in the low LAD scenario, Blue Palo Verde trees (7.5 meters high 
LAD=1.85) were used in the same location. The greater height (albeit by 1 meter only) 
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probably extended the shade of the high LAD scenario more into the location of the 
measured data. Higher evapotranspiration rates may have also played a factor in the 
more improved condition of the high LAD scenario. The most significant reduction in Tmrt 
in this space was after 5:00pm when the low afternoon sun was blocked by the western 
row of trees reducing the Tmrt to about 90 ºF (32.2 ºC) in both scenarios.  
 Location 5 (Between two buildings North-South orient.) - the existing SET temperature  at 
108 ºF (42.2 ºC ) remained the same for both the high LAD scenario and the low LAD 
scenarios. As mentioned previously regarding this location the low height of the 
vegetation proposed for this location. The low height (slightly taller than the buildings) 
allowed the sun to access the space in a similar manner to the existing condition. The 
most significant reduction in Tmrt in this space was after 5:00 pm (down to a SET of 82 
ºF (27.8 ºC ) when the low afternoon sun was blocked by the building mass.          
 
From the results above, three of the five locations had their SET reduced to below 95 ºF 
(35 ºC ). The two locations where the SET remained above the threshold of  95 ºF (35 ºC ), were 
Location 1 - a bare concrete slab by the children’s playground that remained exposed in the 
proposed scenarios. It did not benefit from proposed trees located about 9 meters to the west, 
and Location 5, the existing space between two low (6 meters high ) residential buildings. At 
Location 5 the height of the vegetation proposed was not adequate and allowed the sun to 
access the space in a similar manner to the existing condition.     
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5.3.3 Surface Temperature – Sidney P Osborn 
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Figure 5.15: Graph of simulated surface temperatures for various scenarios at the Sidney P 
Osborn site between 08:00 am and 5:00 pm. 
 
The simulated surface temperatures also run at a higher scale than at the previously 
discussed urban sites. However, the additional tree scenarios (both high and low LAD species) 
show a marked improvement on the surface temperatures, which would translate into improving 
the Tmrt and thereby the SET.  
Without the use of any shading, the lowest running daytime surface temperatures were 
for the irrigated grass in the early morning (76.3 ºF (24.6 ºC )), the concrete pavement shaded by 
the low LAD Mesquite trees before noon (82.4 ºF (28 ºC )), the irrigated grass midday through 
late afternoon (85.7 – 90.3 ºF (29.8 – 32.2 ºC )). As expected, the worst surface performance was 
the bare un-shaded concrete pavement which read at 115 ºF (46.1 ºC ).  
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5.4 Proposed Landscaping Scenarios – City of Phoenix and the Renaissance 
Square Plazas 
  For the two urban sites, to test how effective additional landscaping would be, two 
proposed vegetation scenarios were simulated. The existing trees in both sites were replaced 
with both a high LAD, high water usage trees such as African Sumac and Sour Orange, and the 
other added low LAD, low water usage trees such as Mesquite, Blue Palo Verde and Mexican 
Palo Verde. Additional trees were added also to locations based on the simulation results of the 
existing site in areas with the highest ambient Ta and mean radiant temperatures Tmrt,. In the case 
of the City of Phoenix Plaza African Sumac trees were placed in a straight row parallel to 
Washington Street just inside the sidewalk area (Blue Palo Verde trees were used for the low 
LAD scenario). At the Renaissance Square Plaza, two trees were placed flanking the street 
corner of Adams and Central (where the highest Ta and Tmrt were simulated) to cast a shadow 
on that location (African Sumac trees were used for the high LAD scenario and Blue Palo Verde 
trees were used for the low LAD scenario replacing the existing Ficus trees on the site). The rest 
of the proposed locations for the new trees were the same for the low LAD and high LAD 
scenarios, so a comparison can be made between the effectiveness of the different species and 
LAD’s. 
As the simulation results of the existing site situation shows, the worst spaces in terms of 
Ta and Tmrt are the bare concrete locations. At the City of Phoenix it is Location 1 along 
Washington Street which receives solar radiation through most of the day, and at the 
Renaissance Square Plaza it is the street corner at Adams and Central which is irradiated in the 
early morning and late afternoon. 
 
5.4.1 Ambient Temperature and Mean Radiant Temperature Reduction – Proposed 
Landscaping Scenarios- City of Phoenix and the Renaissance Square Plazas 
In both the high LAD and low LAD planting scenarios at the City of Phoenix, the ambient 
temperature drops on average by 0.7 ºF (0.4 ºC ) in both the high LAD scenario and the low LAD 
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scenarios. However the degree of reduction in Ta varied significantly across the five locations 
selected between 10:00am and 5:00pm. In some locations the Ta increased, as it did at locations 
1 and 3. Location 3 for example, shows an increase in Ta between 10:00 am and 2:00pm in both 
scenarios. This is probably because the proposed trees (average height 7.5) are lower than the 
existing trees simulated (dense Ficus 15 meters average height), and thereby allowed more solar 
access to the location than what was the case in the existing scenario. The low LAD of the Blue 
Palo Verde crowns also allows more sun to get through that the higher LAD trees.      
Location 1 (along Washington) had a decrease in Ta in both scenarios in the morning 
between 10:00 am and noon, then it increased at noon and decreased again in the late afternoon. 
The increase/decrease in ambient temperature could be due to a number of reasons such as 
increased evapotranspiration of the proposed trees, or that the proposed trees have caused a 
change in the wind patterns in the area. The proposed solution at the City Plaza’s Location 1  
(African Sumac trees placed in a straight row parallel to Washington Street just inside the 
sidewalk area. Blue Palo Verde trees were used for the low LAD scenario), had a significant 
effect of lowering the Tmrt by 60-74 ºF (33.3 – 41.1 ºC ) from 10:00am – 5:00pm. The results were 
similar for both scenarios, but the magnitude of reduction was slightly better for the high LAD 
trees.   
At the Renaissance Square Plaza there was an increase in Ta across all points by 2.9 ºF 
(1.6 ºC ) in the high LAD scenario and 3.1 ºF (1.72 ºC )in the low LAD scenario. This was 
probably caused by the change in vegetation as the existing trees at the Renaissance Square 
plaza are high (15 meters) Ficus trees which have more dense foliage and increased 
evapotranspiration rates than the proposed trees (average 7.5-8.5 meters high). This also caused 
location 5 (by the eastern entry into the northwestern tower on the site) to have an increased Tmrt 
at 10:00 and 11:00 am when the sun access was allowed due to the lower tree canopies. The 
proposed solution at the Renaissance Square Plaza’s Location 1 (two trees placed flanking the 
street corner of Adams and Central), also had a significant effect of lowering the Tmrt by 56 - 77 ºF 
( 31.1 – 42..8 ºC ) from 10:00am – 5:00pm. In both scenarios, the greatest reduction in Tmrt was 
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at 10:00am, 11:00am, 1:00pm, and then at 5:00 pm when the Tmrt was reduced by an average of 
67 ºF (37.2 ºC ). During the noon hour the shadow of the trees was cast to the North (over the 
street), and the point measured (on the south side of the trees) was exposed to direct radiation 
heating up the ground concrete. The same occurs from 3:00pm to 4:00 pm when the sun 
accesses the space through the gap between the two towers, and irradiates the point measured. 
After 5:00 pm the location is shaded by the building and Tmrt shows a significant decrease. 
However, the rest of the spaces showed a slight increase in Tmrt (on average 5.4 ºF (3 ºC )), with 
the greatest increase at Location 5 between 10:00am and 11:00 am (Tmrt increase by 23.9 ºF 
(13.3 ºC ) and 58.6 ºF (32.6 ºC ) respectively).   
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Figure 5.16: Comparison between simulated ambient temperature (Ta) levels for the proposed 
high LAD and low LAD tree planting scenarios at the City of Phoenix Plaza. 
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Figure 5.17: Comparison between simulated mean radiant temperature (Tmrt)reduction levels for 
the proposed high LAD and low LAD tree planting scenarios at the City of Phoenix Plaza. 
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Figure 5.18: Comparison between simulated ambient temperature (Ta)reduction levels for the 
proposed high LAD and low LAD tree planting scenarios at the Renaissance Square Plaza. 
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Figure 5.19: Comparison between simulated mean radiant temperature (Tmrt)reduction levels for 
the proposed high LAD and low LAD tree planting scenarios at the Renaissance Square Plaza. 
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5.4.2 Thermal Comfort Analysis – Proposed Landscaping Scenarios- City of Phoenix and 
the Renaissance Square Plazas 
In the City of Phoenix Plaza case, the entire paved south side of the plaza (along 
Washington Street) is exposed to direct solar radiation until the late afternoon when the City Hall 
Building’s shadow is cast on that area. The center of the plaza however, is mostly in shade, as it 
is flanked by buildings on both sides. It does get briefly irradiated by the sun in the early afternoon  
(3:00pm – 5:00pm) through gaps in the buildings on the West.  
Based on the output of the proposed landscape scenarios the outdoor comfort analysis or 
the Standard Effective temperature (SET) for the five locations at the City of Phoenix Plaza site at 
2:00pm (highest Ta during the 24 hour simulation cycle) was as follows: 
 Location 1 (exposed pavement sidewalk by Washington) – the existing SET temperature 
at 119 ºF (48.3 ºC) was reduced significantly to 91 ºF (32.8 ºC) for the high LAD scenario 
as well as for the low LAD scenario showing the significance of shading. 
 Location 2 (middle of plaza under a tree) –  the existing SET temperature at 87 ºF (30.6 
ºC) remained the same. This is a location that was fully shaded in the existing scenario 
and changing the tree species/LAD did not make a difference. 
 Location 3 (under an overhead architectural shade) –  the existing SET temperature at 90 
ºF (32.2 ºC) remained the same. This is a location that was fully shaded by an 
architectural shade, and the vegetation changes in the vicinity did not affect it.  
 Location 4 (seating by water feature and under tree shade)  –  the existing SET 
temperature at 88 ºF (31.1 ºC) remained the same. This is a location that was fully 
shaded in the existing scenario and changing the tree species/LAD did not make a 
significant difference. 
 Location 5 (un-shaded eastern entry into the building) - the existing SET temperature at 
94 ºF (34.4 ºC) actually increased slightly to 95 ºF (35 ºC) for the high LAD scenario as 
well as for the low LAD scenario. This was caused by the increased solar radiation at that 
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location during the morning hours between 10:00am and noon due to the lower tree 
heights used in the proposed scenarios.  
From the results above, three of the five locations studied (2, 3, and 4) were already in 
full shade and were not affected by the tree LAD changes. Their SET remained generally 
unaffected from the existing scenario. Additionally, there were insignificant variations between the 
two LAD scenarios, even though the high LAD scenario, on average, resulted in marginally lower 
temperatures. Location 1 was the worst existing situation with the highest Tmrt, and benefited 
significantly from the proposed shading. However, the proposed shading was inadequate for 
location 5 where the lower height trees allowed more solar access worsening the existing SET 
and thermal comfort.  
Based on the output of the proposed landscape scenarios the outdoor comfort analysis or 
the Standard Effective temperature (SET) for the five locations at the Renaissance Square Plaza 
site at 2:00pm (highest Ta during the 24 hour simulation cycle) was as follows: 
 Location 1 (exposed pavement sidewalk by Central) – the existing SET temperature at 
118 ºF (48.3 ºC) was reduced significantly to 88 ºF (31.1 ºC) for the high LAD scenario 
and to 90 ºF (32.2 ºC) for the low LAD scenario.  
 Location 2 (West side of plaza under a tree) –  due to the increased Ta and Tmrt  the 
existing 80 ºF (26.7 ºC) SET worsened to 87 ºF (30.6 ºC) for the high LAD scenario, and 
to 88 ºF (31.1 ºC) for the low LAD scenario  
 Location 3 (behind restaurant building-no shade) – due to the increased Ta and Tmrt the 
existing 84 ºF (28.9 ºC) SET worsened to 90 ºF (32.2 ºC) for the high LAD scenario and 
to 91 ºF (32.8 ºC) the low LAD scenario.  
 Location 4 (seating South side of plaza under tree shade) - due to the increased Ta and 
Tmrt the existing 82 ºF (27.8 ºC) SET worsened to 88 ºF (31.1 ºC) for both the high LAD 
scenario and the low LAD scenario.  
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 Location 5 (un-shaded eastern entry into the building) - due to the increased Ta and Tmrt 
the existing 83 ºF (28.3 ºC) SET worsened to 91 ºF (32.8 ºC) for both the high LAD 
scenario and the low LAD scenario.   
 
This increase in Tmrt (combined with an increase in Ta) caused the SET to worsen across 
the four locations with the proposed planting of the lower trees (7.5 to 8.5 meters) replacing the 
higher (15 meter) Ficus trees that were simulated for the existing condition. However, in 
comparison between the low and high LAD scenarios the high LAD landscaping performed 
marginally better than the low LAD trees.  
 
5.4.3 Surface Temperature - Proposed Landscaping Scenarios- City of Phoenix and the 
Renaissance Square Plazas 
 
Surface temperatures were a significant focus of the research. The main goal of both 
pedestrian outdoor comfort, as well as mitigating the UHI, is to reduce the heat storage of urban 
materials, the preponderance of which are the horizontal pavement materials.  
Simulation scenarios were run with different ground covers to test the conditions under 
which various materials either gain less heat during the day (with or without shade), or are more 
efficient in discharging the stored heat to the night sky.   
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Figure 5.20: Comparison of simulated surface temperatures for various scenarios at both the 
COP Plaza and the Renaissance Square Plaza between 08:00 am and 5:00 pm on the same day. 
 
Readings of the simulated surface temperature data were taken at a representative 
location at the Center of each Plaza for comparison reasons. At first glance, the surfaces at the 
Renaissance Square Plaza are running cooler than the surfaces at the City of Phoenix Plaza. 
However, they are 1-4 ºF (0.56 – 2.2 ºC) warmer the next morning at 5:00am. This is obviously 
due to the orientation of the space northeast, and being shaded for most of the day thus receiving 
less solar radiation. However, the shade during the day is contrasted with having a smaller sky 
view factor at night to radiate the stored heat back to the sky at night. At the center of the Plazas, 
the bare concrete surface at the City Phoenix Plaza for example, runs hottest at 3:00pm (118 ºF 
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(47.8 ºC)); while at the Renaissance Square Plaza the concrete surface temperature does not 
exceed 95 ºF (35 ºC). It does however, reach 116 ºF (46.7 ºC) adjacent to the asphalted street in 
the exposed corner at Central and Adams.  
Without the use of any shading, the lowest running daytime surface temperatures were 
for the bare soil in the early morning (71.9 ºF – 22.2 ºC), the concrete pavement shaded by the 
high LAD Sour Orange trees before noon (80.2 ºF – 26.8 ºC), the concrete pavement shaded by 
the low LAD Mesquite trees during midday (83.6 ºF – 28.7 ºC), and then for the planters with < 1 
meter high vegetation in the late afternoon (82 ºF – 27.8 ºC) at the City of Phoenix Plaza location. 
At 5:00 am the next morning the coolest surfaces are the planters with < 1 meter high vegetation 
(69.6 ºF – 20.9 ºC), followed by the concrete pavement shaded by the high LAD Sour Orange 
trees (72.7 ºF – 39.8 ºC), the high LAD African Sumac trees (72.7 ºF – 39.8ºC), and the low LAD 
Mexican Palo Verde trees (73.7 ºF – 23.2 ºC).  
At the Renaissance Square Plaza and without the use of any shading other than the 
building massing and existing site geometry, the lowest running daytime surface temperatures 
were for the concrete pavement in the early morning (73.8 ºF – 23.2 ºC), the concrete pavement 
shaded by the low LAD Mexican Palo Verde trees before noon (79.2 ºF – 26.2 ºC), and the 
planters with < 1 meter high vegetation during midday through late afternoon (83.1 ºF – 28.4 ºC). 
At 5:00 am the next morning the coolest surfaces are the irrigated grass (73.7 ºF – 23.2 ºC), 
followed by the concrete pavement shaded by the high LAD Sour Orange trees and African 
Sumac trees (74.05 – 74.71 ºF or 23.4 ºC- 23.7 ºC), and the low LAD Mexican Palo Verde and 
Mesquite trees (75.09 – 75.19 ºF or 23.9 ºC - 24 ºC).  
As expected, the worst surface performance was the bare un-shaded concrete pavement 
which read at 79.81 ºF (26.6 ºC) at the City of Phoenix Plaza, and 80.16 ºF (26.8 ºC) at the 
Renaissance Square Plaza. Despite the fact it had the largest swing in surface temperature 
between daytime and early morning (almost 39 ºF (21.7 ºC) at the City of Phoenix Plaza), it 
remained as the hottest surface at both locations. It has to be noted however, that the surface 
temperature of center of plaza concrete at the Renaissance Square location, where it is 
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perpetually in the shade, had a smaller range in simulated temperatures (between 94 ºF (34.4 ºC) 
at 5:00pm and 80 ºF (26.67) at 5:00am).     
There were very small differences in the data between shading concrete pavement using 
high LAD and low LAD trees. Either tree type performed well in lowering the pavement surface 
temperature, even though the high LAD trees were showing marginally lower (cooler) numbers. 
Using tree shade over pedestrian outdoor spaces, works better than simply raising the albedo of 
urban pavements. In past research, increasing the albedo alone was not found to be the 
determinative factor in controlling the surface temperatures (Golden 2006). In the simulated 
scenarios using standard concrete pavement (the preferred and ubiquitous urban pavement 
material) the data shows the most favorable pedestrian comfort strategy is shading the pavement 
with a tree canopy in combination with using planters with low <1 meter high vegetation. 
Depending on the location, this combination reduces the expanse of the concrete pavement, and 
therefore, the percentage of high temperature surfaces the pedestrian body is exposed to.  
Local climate resistant trees such as various Mesquite and Palo Verde species produce a 
dappled shade that is sufficient to improve outdoor comfort, as compared with denser more 
“opaque” and high-water usage vegetative canopy. Utilizing desert adapted, and especially low-
water use shade trees, is an important factor in a sustainable approach to urban design in 
Phoenix.  
Concrete pavement is a high mass and heat capacitance urban material used extensively 
and it is imperative to be shaded in areas of pedestrian traffic.  This reduces the storage and heat 
absorption of the concrete significantly. However, it is as important to allow sufficient sky view for 
the material to discharge its stored energy, so it is cooler and has the capacity the next day to 
absorb more heat. In terms of human comfort, the pattern of the mean radiant temperature (Tmrt) 
follows the surface temperature pattern. These results emphasize the importance of shading 
strategies. 
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CHAPTER 6 
DISCUSSION AND CONCLUSION 
This study explored outdoor thermal comfort in hot and arid urban setting with an 
emphasis on the role of vegetation in mitigating the thermal conditions in the summer. The 
methodology primarily used the ENVI-met® V3.1 model for simulation using site measured data 
during work on the Phoenix Urban Form Project in 2006 and 2007.  
The urban space is very complex, and there can be numerous microclimates within short 
distances of each other in the same general urban area. Orientation, building massing, materials 
used, shade or the lack thereof, all play a role in determining the degree of human thermal 
comfort from a physical perspective. In this study, we analyzed two urban spaces that are one 
block apart along Washington Street in Phoenix Arizona, with the results showing two different 
environments from a pedestrian thermal comfort perspective. The third outdoor space  
investigated was the Sidney P Osborn low income housing site.  
The results show that the effectiveness of the potential strategies employed could be very 
different between the inner city’s denser, higher urban spaces and the less dense exposed site 
housing site. The high mass of the buildings and density of the urban core plays a major role in 
the patterns of shade and surface temperatures affecting the microclimate of the pedestrian 
space as was documented extensively in past literature (Toudert 2005, Nakamura and Oke 1988,  
Santamouris et al. 1999). This is a lesser factor in the lower density residential sites where 
additional vegetation can play a greater role in affecting the microclimate.  
Simulating using ENVI-met was shown to be an informative process for urban 
microclimate analysis from an urban design perspective. The software has many advantages 
lacking in other CFD and microclimate packages, namely its ability to simulate the 
tree/plant/landscape’s sensible heat flux, transpiration, and evaporation including all plant 
physical parameters interacting with their immediate environment. Despite it’s limitations, 
simulating the ground materials’ thermal properties was a major advantage, since the horizontal 
materials in an urban context have the major effect on thermal comfort. Additionally, there have 
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been numerous recent validation studies using ENVI-met (Lahme, Bruce 2003,  Toudert 2005, 
Emmanuel and Fernando 2007, Chow et al. 2011)  That all concluded the ENVI-met simulated 
data patterns had generally acceptable agreement with observed values, taking in consideration 
the complexities involved in urban climate. 
Discussing the results has to take into consideration some of the limitations in the study. 
The landscaping schemes, and number of tree species used were simplified, and limited to types 
with available information on Leaf Area Density for simulation purposes. This is inevitable, since 
the size and LAD of various trees is dependent on their specific location, the amount of water 
they receive. It is possible to have widely varying LAD profiles and heights even within the same 
species. There are many other tree species that could have been used with different sizes and 
profiles that may have shown to be more effective.  
Additionally, the collected data was only available for daytime periods. This is acceptable 
when studying pedestrian comfort, and using the data for the initial conditions inputs at the start 
of the simulation process. However, it makes the nighttime output data dependent on simulation 
results alone. This, along with ENVI-met® software’s inability in simulating the thermal properties 
of vertical materials, limited the results to the ground surfaces only. This eliminates a large portion 
of the radiative environment surrounding and affecting the pedestrians in the space. This affected 
the urban case studies more than the Sidney P Osborn residential site.   
Despite this, the study indicates the magnitude of the potential improvement for proposed 
landscaping scenarios, what methods and materials may work better, and which may not be as 
effective. The degree of cooling is mainly affected by the size and shape of the shadow cast by 
the tree. Targeted planting, in terms of location and size/type of tree shows a more direct impact 
on thermal comfort in the space. The existing space simulation data indicates the locations with 
the worst comfort conditions that will need to be addressed. The process described shows that it 
can be integrated into urban design processes where pedestrian comfort needs to be optimized. 
The other side of the equation is the subjective/psychological factors that play a major 
role in the “perception” of comfort outdoors (e.g. Baker 2000, Spagnolo & de Dear 2003). This 
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aspect was addressed by the team working on the Phoenix Urban Form Project in 2006/2007. 
Saravanan Balasubramanian, an ASU Masters student developed a survey and gathered 
pedestrians’ responses at the same time we gathered the data on ambient and mean radiant 
temperature in the same space. The intent was to modify the collected physical data and 
simulation results with the results of the survey. We were proposing that the pedestrian’s 
perception of the outdoor environment and climate in Phoenix plays a significant role in their 
perception of outdoor comfort.  
 
Figure 6.1: Saravanan Balasubramanian gathering survey responses from pedestrians at the City 
of Phoenix Plaza – summer 2007. 
 
The City of Phoenix Plaza is a warmer space because of its orientation and openness to 
the South. This allows the sun to irradiate it for longer periods of time and when there are 
unobstructed, exposed concrete paved locations, such as along Washington Street, it makes for 
a hostile pedestrian environment. On the other hand, the Northeast oriented Renaissance Square 
Plaza is well shaded by the building massing, geometry and vegetation that cause both the 
ambient as well as the mean radiant temperatures to be lower.  
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The study also shows that vegetation has some effect on ambient temperatures by 
evapotranspiration. The scenarios run with dense vegetation in both spaces had on average 1.8 
ºF (1 ºC) lower ambient temperature than scenarios with bare soil or pavement. This condition 
however, was present when very still wind conditions were simulated (0.5 m/s). This is probably 
due mainly to shading properties, as well as tree crown evapotranspiration and the presence of 
additional moisture in the soil.  
This effect however is negligible when compared to the vegetations’ role in shading and 
thereby reducing the surface temperature of both the ground as well as the vertical urban 
surfaces. Shashua-Bar and Hoffman (2000) concluded that the resulting vegetation/trees cooling 
effect (in their study 1.8-5.4 F (1-3C), was mainly (80%) attributable to the shading effect of the 
tree as opposed to the trees’ evapotranspiration effect. In addition to shading, the vegetation in 
the urban space (depending on location) can “block” the view of high temperature surfaces from 
pedestrians passing through the space. As the fish eye lens photography method (discussed in 
Chapter 3) indicated, a row of trees or even a planter with low vegetation hedge, acts as a 
“shield” from hotter concrete pavement or an irradiated building façade. Therefore, instead of 
exchanging radiative heat with a 135 F (57.2 C) concrete surface, the pedestrian is now 
exposed to an 88 F (31.1 C) tree canopy or 90 F (32.2 C) patch of Mexican Feather Grass. 
Similar solution/recommendation was proposed for the Phoenix Light Rail Station design (Cook 
and Bryan 2003).  
The simulated data showed that local native tree species perform as well as the higher 
LAD denser and more water intensive species in terms of providing shade and cooling the urban 
surfaces. However, even low vegetation in planters can reduce the radiant effect of the 
surrounding environment. Strategies should focus on reducing the large expanses of concrete 
and other high heat capacity materials, and use more in-ground planters with various ground 
cover grasses, hedges, and other native plants such as agaves, cacti and various bushes. 
Both for mitigating the UHI and for outdoor human comfort, it is essential to provide 
shade, and to decrease the temperature of the surfaces emitting long-wave radiation. The results 
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show that the primary target for UHI mitigation should be the material properties of the horizontal 
urban surfaces as they form the preponderance of the surface area of the urban fabric. The data 
indicate that merely recommending massive tree planting in urban areas may not abate the UHI 
effect as much as addressing the combination of shading using trees and architectural shade 
structures along with surface materials choices. The role of the material and thickness of the 
urban surfaces has a primary role in the increased temperature of cities. Additionally, the surface 
temperature of urban surfaces is the primary factor in the decreased human thermal comfort as it 
is the main contributor to the mean radiant temperature. Irrigation (moisture) enhances the 
cooling effect by adding latent heat exchange. However, the scarcity of water resources in an 
already dry climate dictates a careful balance between using water extensively for reducing urban 
surface temperatures.  
While the intuitive solution is shading the surfaces to reduce their temperature and 
decreasing the Tmrt affecting pedestrians at any given moment in time, these surfaces also have 
to be able to discharge their stored energy at night, so they can aid in the pedestrian comfort the 
next day. Therefore, if the surface is shaded on a given day, but not allowed to discharge its 
stored energy efficiently because of a physical or natural overhead plane obscuring its sky view, 
its surface temperature will rise much faster the next day because the heat would have been 
largely trapped underneath the canopy.  The solution therefore should be in finding an optimal 
balance between surface materials properties combined with the height, density and quantity of 
trees/vegetation used. The focus should be on managing and optimizing the introduction of 
additional shade and cooling effects via increasing the tree canopy cover, and replacing high 
density, high heat capacity surfaces like impervious concrete paving with planted soil spaces that 
have lower surface temperatures and aid comfort with more latent exchange processes. This can 
also be achieved with materials such as lower density porous pavement material that allow air 
and water into the soil. Additionally, trees planted in and around parking lots constructed using 
pervious concrete, tend to grow wider (larger canopies and therefore more shade), and live 
longer than similar trees surrounded by impervious pavements (Pervious and Porous Pavements 
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2007). These two strategies are symbiotic in that the porous pavement, especially in parking lots 
and around vegetation, results in larger shading landscape materials. Low density, low 
conductivity porous pavement materials mimic the natural desert terrain, and by allowing latent 
heat exchange, can play a major role on cooling urban surfaces.  
The factors involved in assessing the Tmrt potential of various materials are surface 
temperatures and emissivity. The emissivity varies little as most materials’ values are around 0.9. 
However, the surface temperatures were found to vary significantly between different materials. 
While high mass materials, such as concrete or brick are viewed as undesirable because of their 
high thermal capacity when considering UHI mitigation, they perform much better than insulated 
low mass materials, such as exterior insulation finish systems (EIFS). The collected data show 
that even with full solar exposure concrete surfaces are 10-15 F (5.5-8.3 C) lower than EIFS. 
This is conditioned on the high mass materials being shaded and allowed to discharge their 
stored energy at night. This results in cooler surfaces which emit less radiation onto the 
pedestrians in the outdoor space. Based on the findings of this study, there is a need for future 
work to be done to further the knowledge base of dealing with outdoor conditions in a rapidly 
growing hot arid city like Phoenix, Arizona. 
It was abundantly obvious there no one tool that can comprehensively include all needed 
parameters for input to simulate outdoor conditions. Chapter 4 described the “blended” approach 
used to investigate various aspects affecting pedestrian outdoor comfort. This was done out of 
necessity, and more effort can be directed into linking and understanding the combined results of 
different tools of evaluating pedestrian outdoor comfort. Additionally, more encompassing and 
longer duration field measurements are required to validate the simulated outputs combined with 
improving the accuracy of the software itself.  
However, the upcoming ENVI-met version 4 promises a significant improvement as a 
more comprehensive tool, improving accuracy, as well as improved vegetation modeling and the 
ability to simulate vertical façade and architectural materials’ thermal properties. 
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One of the main ENVI-met 4.0 features is the possibility of user defined alterations of the 
weather input (the terminology used in the v4.0 documentation is “forcing”). According to the 
preliminary studies, the errors and discrepancies in the output data (when compared to measured 
data) is minimized. The input parameters available for “forcing” are radiation, wind speed and 
direction, air temperature, and specific humidity. 
The new version 4 editor has full 3D mode where all grids in three dimensions can be 
assigned either plant or buildings characteristics. This will result in more precise modeling 
environment and the ability to model architectural elements independent of the buildings such as 
shading canopies for sidewalks and pedestrian areas away from the building mass. The trees can 
now also be modeled more accurately instead of being simply vertical cells filled with the plant 
information. Being able to model a tree in three dimensions will also allow to “overlap” vegetation, 
e.g. modeling a grass lawn under the tree canopy (Bruse 2013).  
 
 
Figure 6.2: Illustration showing the ENVI-met v.4 building façade interface. Section (d) shows the 
temperature of the façade materials. Source (Bruse 2013) 
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Using the new ENVI-met v4 will enable future work to model the urban pedestrian 
environment more comprehensively, and test scenarios combining vegetative, as well as, 
architectural shade aspects. More comprehensive testing of scenarios combining the effect of the 
façade materials and architectural solutions to shade them, will offer a much more inclusive 
insight into the pedestrian outdoor comfort than the current limited scope of the software. There is 
a wide range of issues to be investigated in the interaction between the façade materials of 
buildings (both in the urban as well as the residential situations) with the site vegetation in terms 
of their combined effect on pedestrian thermal comfort. 
ENVI-met 4.0 utilizes a transient state model with three nodes (inside, middle, outside) of 
building wall, and simulates the physical properties of the façade material (e.g. mass) when 
calculating energy fluxes. The database of the façade material physical properties are modifiable 
and can be customized, however, they can only consist of one material (no walls composed of 
multiple layers of materials). The building interior is still treated as a single space with a uniform 
constant temperature. Nevertheless, the characteristic that the walls have heat transmission built 
into their feature, offers potential opportunities to start studying the interaction of outdoor 
conditions with the building interior state. The ENVI-met v4 documentation states that “a rough 
estimation of the building energy balance” is now possibly albeit quite simplified (Bruse 2013).       
More work and understanding should also be placed on the various aspects of human 
comfort. While the physical and physiological approach is significant, the psychological and 
preference based approach accounts for an important side of the comfort formula. There are 
specific studies that deal with psychological and even aesthetic aspects of comfort that can be 
overlaid and combined with the physical dimension for a more inclusive understanding of human 
comfort. 
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